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Abstract
Titanium alloys are considered diﬃcult to machine materials because of poor
thermal conductivity and long elongation to break ratio, which makes it diﬃcult
to dissipate heat generated during cutting process. Therefore, eﬀective cooling
and lubrication eﬀects are vital during machining of these alloys. Recently, it
has been shown that an atomization-based cutting ﬂuid (ACF) spray system can
eﬀectively cool and lubricate the cutting zone during turning of Ti-6Al-4V, leading
to signiﬁcant improvement in machinability of titanium alloys. However, the
eﬃcacy of the ACF spray system is yet to be tested for other machining operations
that are diﬀerent from turning, like milling. The droplet impingement dynamics
in milling are diﬀerent than that in turning because of the presence of a rotating
cutting tool as opposed to a stationary single point cutting tool in turning. Also,
milling is an intermittent cutting process that gets aﬀected by thermal shock
caused by cutting ﬂuid.
The research presented in this thesis investigates the eﬀectiveness of the ACF
spray system in end-milling of a titanium alloy, Ti-6Al-4V. To accomplish this,
an experimental study has been conducted in two phases. During the ﬁrst phase,
ii
the experiments are conducted to study the role of various combinations of spray
parameters on cutting forces and select the one that has the least cutting forces.
In the second phase, machining experiments are conducted, using the spray pa-
rameters selected in phase one, to assess the machinability of titanium alloy for
diﬀerent cutting ﬂuid application methods,viz., ACF system, ﬂood cooling and
dry cutting, and evaluate the eﬀectiveness of ACF spray system for diﬀerent ma-
chining conditions.
It is concluded from Phase 1 experiments that the cutting forces are the least
for those spray parameters for which the velocity of the droplets is well within the
spreading regime. Furthermore, a numerical model, based on Discrete Phase Mod-
eling approach and Eulerian Wall Film model, of an ACF spray system has been
developed and used to simulate the liquid ﬁlm formation on a rotating cylindrical
surface, to explain the variation in the experimentally observed cutting forces for
diﬀerent combinations of spray parameters.
The end-milling experiments show that the presence of CO2 in the droplet
carrier gas is responsible for cooling the cutting zone more eﬀectively in milling
than what could be achieved in its absence. As a result, tool life increases by
50% when the droplet carrier gas is a mixture of air and CO2 as compared to
the case where droplet carrier gas has only air. Tool life experiments show that
the ACF spray system outperforms other cutting methods, in three areas critical
to access machinability, namely cutting forces, surface roughness and tool wear.
iii
Using the ACF spray system leads to uniform tool ﬂank wear, which results in
lower cutting forces and higher surface ﬁnish, and the tool life extends upto 75%
over ﬂood cooling. Additionally, chip morphology analysis reveals that using ACF
spray system leads to the formation of shorter and thinner chips, as compared to
that when ﬂood cooling is used.
iv
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1.1 Background and Motivation
Titanium alloys were ﬁrst introduced in early 1950s and within a relatively
short period of time it has become the backbone material for medical, aerospace,
automotive and chemical industries, among others. Attributes of titanium al-
loys that lead to its rise in demand and popularity were high strength to weight
ratio, fracture and corrosion resistant characteristics, bio-compatibility and high
temperature strength. Nevertheless, titanium alloys are considered diﬃcult to
machine materials because of certain characteristics, such as poor thermal con-
ductivity and low elongation to break ratio, which makes it diﬃcult to dissipate
the heat generated during the cutting process [28, 29]. High temperatures gener-
ated in the cutting zone lead to plastic deformation of the tool and an increase in
chemical reactivity of titanium with the tool because of that the tool wears out
rapidly and fails catastrophically by chipping [30, 31]. As a result, production cost
increases because of frequent tool replacements and machining quality decreases
because of poor surface ﬁnish. Hence, it is imperative to ﬁnd eﬀective methods
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to remove heat from the cutting zone in order to reduce tool wear and improve
surface ﬁnish while machining titanium alloys.
Diﬀerent cutting ﬂuid application methods have been proposed to remove heat
and reduce stress in the cutting zone. In ﬂood cooling copious amount (1-10
L/min) of cutting ﬂuid at low pressure is applied to the tool and work piece.
However, inability of the ﬂuid to penetrate at the cutting interfaces [32, 3, 33]
and high operational costs along with negative impact on environment and health
[34, 35, 36], has lead researchers to explore other alternatives of cutting ﬂuid ap-
plication method. In order to mitigate such eﬀects, minimum quantity lubrication
(MQL) approach has been introduced and developed wherein, very small amount
of cutting ﬂuid, 6-100 ml/h, is applied in the form of a directed mist [37, 38]. Ex-
perimental results show that MQL machining can improve the tool life and reduce
the cutting force due to better cooling and lubricating eﬀect [4, 39, 40, 5, 41, 3].
Application of MQL results in removal of heat mainly because of forced convec-
tion provided by the compressed air and partially by evaporation of the cutting
oil [42]. Nevertheless, the major drawback of the MQL system is that the size
of droplets generated by the system cannot be easily controlled and as a result
of which the penetration of these droplets into the the tool-chip interface is not
guaranteed. Consequently, using MQL system leads to underutilization of the
cooling potential of the cutting ﬂuid in cooling the cutting surface [43].
Cooling gas methods that includes injecting refrigerated gas such as air, nitrogen
2
and carbon dioxide, at the cutting zone to remove the heat, have also been used to
eﬀectively control temperatures and eliminate cutting ﬂuid usage, while increasing
tool life and reducing wear when machining titanium alloys [44, 45, 42, 46, 47, 48].
Nonetheless, the alternating thermal loads on cutting edges of the tool act adver-
sarial when milling and higher cutting forces are recorded because of improved me-
chanical strength of the workpiece material at low temperature [49, 46, 50].
To overcome the limitations inherent to the previously mentioned techniques of
cooling and lubricating the cutting zone, Jun et al. [8] proposed an atomization-
based cutting ﬂuid (ACF) spray system for micro-end milling, which is based on
the principle that atomized droplets having diameters in the range of 5-15 µm
can access the cutting zone, absorb heat while acting as a lubricating agent, and
remove heat from the cutting zone by evaporation [51]. The ACF system was
found to reduce cutting forces, signiﬁcantly improve tool life, by 3 times over
ﬂood cooling, even at feed rates where ploughing and rubbing is dominant, and
lower the temperature of the cutting zone remarkably more than what could be
achieved while using dry and ﬂood cooling methods. Nonetheless, the success of
ACF spray system in macro-scale milling is not guaranteed because the cutting
interface that is generated during macro-scale milling, because of greater feed and
depth of cut, is larger than the one generated in micro-scale milling. As a result
the liquid ﬁlm formed upon droplets impingement can get evaporated even before
reaching the entire tool-chip interface [52].
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Nath et al. [9] developed an ACF spray system for macro-scale turning of Ti-
6Al-4V and conducted experiments to study the eﬀect of ACF spray parameters
and found that a combination of low pressure (150 psi) air-mixed CO2 as the
carrier gas, higher cutting ﬂuid ﬂow rate (20 ml/min) and a large spray distance
(35 mm) can extend the tool life up to 40-50% over ﬂood cooling. It was further
observed that using the ACF spray system results in the production of broken
chips that is not the case when ﬂood cooling is used, which further goes on to
show that using the ACF spray system in turning operation leads to eﬀective
cooling and lubrication at the cutting zone. The success of the ACF spray system
was attributed to the formation of a spreading thin liquid ﬁlm upon impinging
of the droplets on the rake face of the tool. Superior cooling and lubrication
capabilities of the ACF spray system is because the thin liquid ﬁlm has higher
penetrating capabilities, at the cutting interface, as compared to the liquid in
ﬂood cooling. However, it is yet to be seen if the ACF spray system is eﬀective
for other macro-scale machining operations that are diﬀerent from turning, like
milling.
There are three main challenges unique to milling when an ACF spray system
is used. First, the droplet impingement dynamics gets signiﬁcantly inﬂuenced
by the presence of a rotating cutting tool and the parameters governing the fate
of droplets after impingement could be diﬀerent from the one that govern the
dynamics of droplet impacting a stationary tool, found in turning. Second, due
to the complicated geometry of the milling tool, the ﬂow behavior of each droplet
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after impingement could be quite diﬀerent and this would lead to the formation
of a nonuniform ﬂuid ﬁlm. Third, the ﬁlm formed on an end mill tool would
have variability in momentum, with the highest value being near the point of
impact and lower values farther away from it, and it would be quite challenging
to achieve the ﬁlm momentum that would ensure eﬀective ﬁlm penetration at the
tool-chip interface all throughout the time the cutting edge of tool is engaged with
the workpiece. Also, milling is an intermittent cutting process that gets aﬀected
by thermal shock caused by cutting ﬂuid [53], which is not the case for turning
operations.
The ﬁlm formation has been shown to be the reason behind the the eﬀective
cooling and lubrication capabilities of the ACF spray system [21]. Hence, the
design of a ACF spray system could be evaluated by studying the characteristics
of the liquid ﬁlm formed by the impinging droplets. However, it is quite compli-
cated to experimentally characterize a liquid ﬁlm, formed on a tool, during the
machining operations. In such a scenario, researchers have used the numerical
approach to study the liquid ﬁlm formation. Ghai et al. [26] modeled single
droplet spreading on a rotating surface with an aim to design an eﬃcient ACF
sprays system for micro-turning processes. However, the model is restricted in it's
application as it is applicable for only single droplet impingement and it is valid
for only certain types of cutting ﬂuid. Boughner et al. [23] developed a proba-
bilistic model to study the rate of micro-ﬁlm formation on a rotating cylindrical
surface due to an ACF spray system. The model was used to evaluate the relative
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importance of diﬀerent spray parameters on liquid ﬁlm formation. Nonetheless,
the model is 2-dimensional and does not include droplet interactions that could
have an appreciable impact on the results of the model predictions.
While the studies conducted in the past have established the eﬀectiveness of
the ACF spray system in micro-machining process and macro-scale turning op-
erations, several gaps in knowledge still exists. First, there is a lack of study
conducted in macro-scale end-milling, using an ACF spray system and as such
it is not known whether the ACF spray system would be eﬀective in end-milling
process as compared to other coolant application methods. Second, there is a lack
of understanding of the eﬀect that the composition of the droplet carrier gas, in
an ACF spray system, would have on the tool life. Third, it is not clear as to
what eﬀect the variation of spray parameters would have on the machinability,
when end-milling titanium alloy.
1.2 Research Objectives, Scope, and Tasks
1.2.1 Research Objectives and Goals
The overall objective of the research is to investigate the eﬀectiveness of the ACF
spray system in end-milling of a titanium alloy, Ti-6Al-4V. To accomplish this,
the speciﬁc objectives are:
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1. To gain an understanding of the role of the ACF spray parameters on the
machinability when milling titanium alloy, Ti-6Al-4V.
2. To develop a numerical model, to study the liquid ﬁlm formation, when the
droplets from the ACF spray system impinge on a rotating surface.
3. To study the eﬀectiveness of the ACF spray system in terms of cooling and
lubrication for diﬀerent machining conditions.
4. To compare cutting forces, tool life and surface ﬁnish using the ACF spray
system with other cutting ﬂuid application methods,viz., ﬂood cooling and
dry cutting.
1.2.2 Scope of Research
This research focuses on investigating the machinability performance of the ACF
spray system that is used for providing cooling and lubrication eﬀects when end-
milling a titanium alloy. In this study the ACF spray system that is used, gen-
erates liquid droplets of diameter 20 µm or less. Out of the four speciﬁc spray
parameters, viz., pressure level of droplet carrier gas, ﬂuid ﬂow rate, droplet im-
pingement angle and spray distance, the, ﬂuid ﬂow rate and droplet impingement
angle were ﬁxed in accordance with values that are known to produce highest
tool life when machining is carried out using the ACF spray system in turning
operations. The droplet carrier gas used for this study is a mixture of air and
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CO2, in equal volumes. The work material used in this research is Ti-6Al-4V
because it is widely used in diﬀerent industries. The end-mill tools used in this
study are restricted to uncoated carbide tools having four ﬂutes, 10 mm mill di-
ameter, and 30◦ helix angle. The machining experiments were performed using
a water-soluble cutting ﬂuid, S-1001 at 10% dilution. The machining conditions
used for experiments are chosen to represent the range typically used in industry
during titanium machining (i.e. cutting speed: 40 - 80 m/s, axial/radial depth of
cut: 0.1 - 5 mm and feed: 0.04 - 2 feed/tooth).
1.2.3 Research Tasks
The objectives of this research will be accomplished in the following two phases:
Phase 1: Focus is given to experimental investigation of the eﬀect that the vari-
ation of ACF spray parameters would have on the measured cutting forces when
end-milling a titanium alloy. A numerical model of the ACF spray system will be
developed and used to provide a physics-based understanding of the experimental
observations. This will be achieved in the following sequence of tasks:
1. Develop a testbed for evaluating the ACF spray system in end-milling op-
erations.
2. Identify the ACF spray parameters that are relevant to end-milling opera-
tions. Evaluate the parameters whose values could be ﬁxed and the ones
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whose values are to be varied.
3. Ascertain the machining parameter that would be used to evaluate the diﬀer-
ent combinations of spray parameters and conduct machining experiments.
4. Develop a numerical model of the ACF spray system that can be simulated
to get an insight into the characteristics of the liquid ﬁlm formed by the
impinging droplets on a rotating cylindrical surface.
5. Simulate the liquid ﬁlm formation for diﬀerent combinations of spray pa-
rameters. Utilize the simulation results to explain the experimental obser-
vations.
Phase 2: Focus is given to experimentally compare the machining performance
of the ACF spray system with other cutting ﬂuid application methods, viz., dry
cutting and ﬂood cooling. The emphasis in this phase will also be on evaluating
the ACF spray system for diﬀerent machining conditions. The necessary speciﬁc
tasks are:
1. Identify the distinct machining parameters that are to be used for eval-
uating the diﬀerent cutting ﬂuid application methods. Also, develop an
understanding of methods that will be used to measure the machining pa-
rameters.
2. Conduct tool-life experiments and record the machining parameters (cutting
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forces, tool wear and surface roughness), when end-milling titanium alloy for
a particular machining condition but using diﬀerent cutting ﬂuid application
methods.
3. Conduct tool-life experiments and record the machining parameters (cutting
forces, tool wear and surface roughness), when end-milling titanium alloy
using the ACF spray system for four diﬀerent machining conditions.
4. Analyze the recorded machining parameters to evaluate the eﬀect that the
cutting ﬂuid application method has on the machinability of titanium alloy
and also to study the impact that the variation of machining conditions has
on the functionality of the ACF spray system.
5. Study the characteristics of metal chips, generated during end-milling of ti-
tanium alloy, to compare diﬀerent cutting ﬂuid application methods, namely,
ACF spray system and ﬂood cooling.
1.3 Overview of Thesis
Chapter 2 provides an overview of the current state of machinability of titanium
alloys along with the available literature on the application and performance of
the ACF spray system, single droplet impingement dynamics, behavior of droplets
impinging on a stationary or rotating surface and the numerical study of ﬁlm
formation by impinging droplets of spray based systems.
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In Chapter 3, the eﬀect of variation of ACF spray parameters on the machining
parameters when end milling a titanium alloy, has been experimentally investi-
gated. The performance of ACF spray system has been compared to other cutting
ﬂuid application methods by the way of conducting tool-life experiments and un-
dertaking chip morphology study. Evaluation of the eﬀect that the variation in
machining parameters has on the performance of the ACF spray system has been
conducted experimentally.
In Chapter 4, the numerical model of the ACF spray system has been presented
and validated. The characteristics of liquid ﬁlm formed by the model on a rotat-
ing cylindrical surface, for diﬀerent combinations of spray parameters, have been
presented and used for explaining certain experimental observations of Chapter
3.
Chapter 5, summarizes the conclusions that are obtained as a part of this




This chapter commences with an overview of past research related to machinability
of titanium alloys and the coolant application methods investigated to improve the
machinaility of titanium alloys. Section 2.2 presents a summary of the diﬀerent
mist-based systems that have been used for metal cutting, with an aim of reducing
the cutting ﬂuid consumption. Section 2.3 reviews the diﬀerent mechanisms for
generating atomized droplets and presents the dynamics of a droplet impinging
on a surface. Section 2.4 presents the experimental and numerical studies that
have been conducted to gain further insight into droplet spreading behavior on
a stationary ﬂat surface. Section 2.5 reviews the diﬀerent experimental studies
that have been conducted to gain further insight into the eﬀect the presence of a
rotating surface will have on droplet impingement dynamics. Section 2.6 examines
the diﬀerent modeling techniques that are available in literature to model the
parameters that are used for evaluating the performance of the ACF spray system
in metal cutting. The chapter concludes with a summary of previous research and
list the areas for future research.
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2.1 Milling titanium alloys
Titanium and its alloys are used extensively in the aerospace industry, to develop
aircraft engines and manufacture airframes, because of certain characteristics of
these class of materials. They posses high speciﬁc strength (strength-to-weight
ratio) and fracture resistance attributes, which is maintained even at high tem-
peratures. Titanium alloys have exceptional corrosion resistance characteristics,
which provides savings on protective coating like paints that would otherwise be
used in case of steel [54]. Furthermore, tainium and its alloys are ﬁnding increased
usage in other industrial and commercial applications such as petroleum reﬁning,
chemical processing, surgical implantation, pulp and paper, pollution control, nu-
clear waste and storage, food processing, electrochemical and marine applications
[28]. As a result it has become critical to evaluate the machinability of titanium
and its alloys for diﬀerent machining operations.
2.1.1 Challenges encountered during machining of titanium
alloys
Titanium and its alloys are considered hard-to-cut materials, implying that they
are diﬃcult to machine [54]. Diﬃculties in machining titanium alloys are caused
by a combination of the features presented in sections below.
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2.1.1.1 Poor thermal conductivity
During the cutting process, energy is consumed to remove material by plastic
deformation of the workpiece or to overcome friction at the tool-chip or tool-
workpiece interfaces. Almost all of this energy is converted into heat and con-
sequently increases the temperature of the cutting zone. The three main heat
sources during cutting operations are: ﬁrst, the primary shear zone at which the
heat is mainly generated by plastic deformation; second, the secondary shear zone
at which the heat is generated by a combination of shearing and friction on the
tool rake face, and ﬁnally, the tertiary shear zone at which the heat is produced
due to friction between newly machined and the ﬂank face of the cutting tool [1].
Schematic representation of the cutting zones and the corresponding heat aﬀected
zones are shown in Fig. 2.1
Figure 2.1: Cutting zones and their corresponding generated heat [1]
Although the heat generated at the cutting zone softens the workpiece ma-
terial and facilitate easier cutting, it is generally considered as an undesirable
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phenomenon that must be prohibited or kept minimized. The heat generated
during machining is primarily dissipated by the discarded chip. A smaller portion
of the heat is also dissipated by means of workpiece and cutting tool [1].
Due to poor thermal conductivity (about 15 W/m ◦C), the heat generated dur-
ing machining titanium and its alloys is not easily dissipated from the cutting zone
[28], as a result of which, a vast amount of heat is trapped on or near the cutting
zone which intensiﬁes the temperature. The temperature can sometimes reach as
high as 900 ◦, for moderate cutting velocities [30]. The elevated temperature near
the cutting zone, where tool and workpiece are in touch, can rapidly deteriorate
the cutting edges and make them dull. Continuing machining using a tool with
dull cutting edges may generates more heat and cause catastrophic tool failure by
edging and chipping.
2.1.1.2 Low modulus of elasticity and the consequent springback
Superior elasticity of titanium alloys, make them an ideal candidate for those
applications where ﬂexibility, without the possibility of cracks or disintegration is
desired. However, high elasticity of titanium implies that its modulus of elasticity
is relatively lower as compared to other materials. Low modulus of elasticity leads
to relatively higher strain and consequently greater deformation under a certain
magnitude of force. During machining operations, when the tool touches the
workpiece and cutting force is applied, titanium's elasticity makes the workpiece
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spring away from the tool, which causes cutting edge being rubbed against the
workpiece surface rather than performing cutting action [1]. Rubbing rather than
cutting, is instrumental in increasing the friction and consequently further rise in
temperature at the cutting zone. Rubbing also destroys the surface quality and
dimensional accuracy.
2.1.1.3 Chemical reactivity
Despite titanium's chemical inertness at room temperatures, which makes it one
of the best options for medical implants, titanium becomes highly reactive when
the temperature goes beyond 500 ◦C. When the temperature increases, chemical
reaction occurs between titanium workpiece and cutting tools that results in rapid
tool wear [55]. As a result, the majority of currently available cutting tools, even
the hardest ones, are not appropriate for machining titanium and its alloys due
to chemical aﬃnity, which deteriorate the cutting tool by initiating chemical wear
[1].
2.1.2 Machinability of titanium alloys
Machinability of a metal refers to the ease with which a metal can be cut, per-
mitting the removal of the metal. Machinability is usually determined based on
criteria such as tool life, tool wear, cutting force, chip formation, cutting temper-
ature, surface integrity and burr size.
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During milling operation, the cutting tool is imposed to various failure modes
due to extensive loading and unloading eﬀects [56]. This phenomenon adversely
aﬀects the tool life, cutting forces, surface quality and dimensional accuracy. This
implies an appropriate selection of cutting tools, machining parameters and lu-
brication and coolant conditions during machining titanium alloys. In order to
evaluate the diﬀerent options available to select from, certain performance criteria
needs to be selected. The criteria that are commonly used in the industry and
academia are: cutting tool's tool life and wear characteristics, cutting forces, chip
formation and surface ﬁnish of the machined surface.
2.1.2.1 Tool life and wear characteristics
Tool life is one of the most important criterion that inﬂuence the selection of
tool and cutting conditions. For a better understanding of tool life, it is critical to
monitor tool wear. Type of tool wear encountered during milling operation can be
classiﬁed according to the region of the tool that they aﬀect [57]. During milling
of titanium alloys, it was observed that ﬂank wear was the most signiﬁcant and
dominant form of wear and the wear on the minor cutting edges and the tool rake
face were too small to have any signiﬁcant eﬀect on tool life [58]. Quantiﬁcation
of ﬂank wear is achieved by constantly monitoring the maximum ﬂank wear land
width of the cutting edges of the tool. The primary wear mechanisms that lead to
tool ﬂank wear, while machining titanium alloys at moderate cutting speeds, were,
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adhesive or attritional wear, abrasive wear and oxidation [4]. Adhesive wear occurs
when chips get adhered to the tool due to friction and are removed from the tool.
This type of wear mechanism is important at lower cutting speeds as adhesive
wear is accompanied by built up edge (BUE) formation and BUE formation is
signiﬁcant at low cutting speeds. During adhesive wear the carbide grain and
cobalt binder wear at the same rate and the adhesive wear is characterized by the
presence of grooves and dull ﬂat appearance on the ﬂank face [59, 60]. Abrasive
wear occurs when hard particles abrade and remove material from the tool. Hard
particles could be present in the work piece or could be a part of cutting ﬂuid.
This type of wear takes place in the low to medium range of cutting speeds and
requires the cutting zone to be at a temperature higher than what was required
for the activation of adhesive wear. Carbide tools, like the one used for this study,
are made up of carbide particles held together by a binder like cobalt. At high
temperatures the binder material is worn faster than the carbide grains and this
leaves the carbide particles protruding out of the ﬂank face.
Abrasive wear is often considered the primary cause of ﬂank wear, notch wear
and nose radius wear. Oxidation is a temperature activated wear mechanism and
occurs when the cutting zone experiences very high temperatures. At such high
temperatures, the constituents of the tool (specially the binder) react with oxygen
present in the atmosphere. Oxidation occurs on the tool surface that is exposed to
atmosphere and results in severe depth of cut notch formation, which is recognized
by the discolored region of the tool near the notch [57]. The primary reason for
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the domination of the aforesaid wear mechanisms is the high temperature that is
generated within the primary and secondary shear zones along with the intimate
contact between the tool-work piece and tool-chip interfaces [59].
2.1.2.2 Surface ﬁnish
During machining of titanium alloys, it is crucial to constantly keep a track of
the surface quality of the machined surface because the surface integrity gets af-
fected by the choice of machining conditions [61]. The main surface integrity
concerns appear on (a) topography characteristics such as textures, waviness and
surface roughness (b) mechanical properties aﬀected, such as, residual stresses and
hardness, and (c) metallurgical states such as micro-structure, phase transforma-
tion, grain size and shape, inclusions, etc [1]. It has been reported that surface
roughness of machined titanium workpiece, gets aﬀected by diﬀerent machining
parameters, such as, tool characteristics and tool wear [62], tool coating [63], tem-
perature (inﬂuenced by the presence or absence of cooling techniques), feed rate,
cutting speed and depth of cut [4]. Regardless of all other cutting parameters
used, the surface roughness results was found to be higher in fresh cutting tools
as compared to those measured when using slightly used cutting tools [64]. How-
ever, in general, it is agreed upon that higher surface roughness are observed for
worn out tools [1].
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2.1.2.3 Cutting forces
Ezugwu et al. [54] studied the variation of cutting force when machining tita-
nium alloys and concluded that machining with tools that have dull or improp-
erly ground edges, increases the cutting forces. In general, it is concluded that on
increasing the material removal rate the cutting forces also increases [65]. When
end-milling titanium alloys, down milling operations are mostly preferred for re-
ducing the cutting forces [66].
2.1.2.4 Other machinability criteria
Other machinability criterions include: residual stress, burr formation and chip
morphology. Both continuous and segmented chip formation processes are ob-
served, during machining of titanium alloys, under diﬀerent machining conditions
[65]. Studying the characteristics of chips that are formed during the machining
process, can be used for evaluating diﬀerent cutting ﬂuid application methods [9].
Palanisamy et al. [2] experimentally observed that using high pressure coolant
(HPC) for machining titanium, results in the formation of broken chips,as shown
in Fig. 2.2 and the surface ﬁnish and tool life also improves as compared to that
obtained when stand pressure coolant are used.
The presence of residual stresses are considered as a potential source of risk
in terms of crack initiation, propagation and fatigue failure and eﬀectively has
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(a) (b)
Figure 2.2: Chips obtained after 1 min cutting time (ﬁrst cut) from the
application of (a) standard pressure coolant and (b) HPC [2]
detrimental inﬂuences on the component life. Diﬀerent results are in literature
with respect to eﬀects of cutting parameters and tool parameters on residual stress
recorded in machining titanium alloys [1].
2.1.3 Coventional cooling methods
In metal cutting considerable amount of heat is generated in the cutting zone,
primarily due to plastic deformation in the primary shear zone and friction at the
interface of tool rake face and the metal chip. High temperatures generated in the
cutting zone lead to plastic deformation of the tool and increase in chemical reac-
tivity of the metal with the tool because of which the tool wears out rapidly and
fails catastrophically by chipping [67, 60]. As a result, production cost increases
because of frequent tool replacements and machining quality decreases because
of poor surface ﬁnish. Cutting ﬂuid is used in metal cutting to remove heat and
reduce friction in the cutting zone. Application of cutting ﬂuid helps in achieving
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three speciﬁc objectives: heat elimination, lubrication on the chip-tool interface
and chip removal [3].
The most widely used cutting ﬂuid application method is ﬂood cooling. In this
method, copious amount (1-10 L/min) of cutting ﬂuid at low pressure is applied
to the tool and work piece. Although ﬂood cooling has been to able to achieve
improvements in surface ﬁnish, tool lives and production rate [25] as compared
to dry cutting, there are serious health, environmental and economical problems
associated with such large quantity of cutting ﬂuid usage [34, 35, 36].
In order to reduce the cutting ﬂuid consumption, cooling gas methods, high
pressure cooling and mist based spray systems have been proposed for machin-
ing titanium alloys. Cooling gas methods have been used to eﬀectively control
temperatures and eliminate cutting ﬂuid usage, while increasing tool life and re-
ducing wear when machining titanium alloys by injecting refrigerated gas such as
air, nitrogen and carbon dioxide, to the cutting zone to remove the heat from the
cutting zone [44, 45, 42, 46, 47, 48]. Nonetheless, the alternating thermal loads
on cutting edges of the tool act adversarial when milling and higher cutting forces
are recorded because of improved mechanical strength of the workpiece material
at low temperature that are achieved in the cutting zone by using this method
[49, 46, 50]. Recently, researchers have tried applying high-pressure coolant, at
70-160 bar or above, directly at the critical tool-chip interface and found that
tool life increases by by 3-4 folds over ﬂood cooling [68, 69]. However, the overall
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productivity improvement that was reported using this method was found to be
only about 50%, due to higher consumption rate of the cutting ﬂuid, its delivery
cost at such high pressure, and the system setup cost [68, 69, 9].
2.2 Mist-based systems
2.2.1 Minimum Quantity Lubrication
In order to overcome the limitations of the above mentioned strategies of cutting
ﬂuid application and also reduce the cutting ﬂuid consumption, minimum quantity
lubrication (MQL) method has been developed and implemented in machining
processes.
In MQL method of cutting ﬂuid application, mixture of pressurized air and
cutting ﬂuid is applied onto the cutting zone. The pressurized air stream is
able to form oil mist out of the mixture of water and cutting ﬂuid. The oil
mist is able to get close to the tool-chip interface because of the high momentum
imparted to the small liquid droplets by the pressurized air. As a result, signiﬁcant
reduction in friction and cutting forces are achieved during machining. In MQL,
the temperature reduction in the cutting zone is achieved by evaporation and
vaporization of liquid droplets, which is not the case for ﬂood cooling [4]. The
rate at which cutting ﬂuid is consumed in MQL is 30 mL/h, which is signiﬁcantly
lower than that of ﬂood cooling. The required air pressure in an MQL setup varies
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from 2 to 6 bar [70].
Lacalle et al [3] carried out experimental and numerical investigations in the
ﬁeld of high speed milling using MQL spray system to study the penetration
capabilities of MQL jet and emuslsion coolant. Lacalle et al. [3] experimentally
observed that the tool wear values were lower for MQL technique as compared
to conventional techniques for the same machined length and hypothesized that
the diﬀerence in wear is due to the fact that emulsion coolant cannot penetrate
into the cutting zone because of high spindle speed, whereas the ﬂow of air with
oil of the MQL system eﬀectively penetrates. The hypothesis was veriﬁed using
computational ﬂuid dynamics (CFD) simulation with the code Pamﬂow. The
results of numerical simulations are shown in ﬁg. 4.9.
(a)
(b)
Figure 2.3: The velocity ﬁeld with (a) ﬂood coolant and (b) MQL cutting ﬂuid
application systems [3]
Figure 2.3(a) shows the velocity ﬁeld in the vicinity of the rotating tool for
an emulsion coolant. It is observed that a "wall" is generated that obstructs the
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way of the coolant towards the tool center and prevents the cutting ﬂuid from
reaching the cutting zone. Figure 2.3(b) shows the velocity ﬁeld corresponding to
the MQL system. Under these circumstances the MQL jet adequately penetrates
into the inner zones of the tool edge and eﬀective lubricates and cool the cutting
zone.
Sun et al. [4] studied the eﬀect of diﬀerent cutting ﬂuid application methods,
namely, dry cutting, ﬂood cooling and MQL, on the tool life and cutting forces
when end-milling a titanium alloy. Based on the experimental observations, they
concluded that MQL machining can achieve the longest tool life and the lowest
cutting forces for the diﬀerent cutting speed, feed rate, and radial depth of cut
that were used for the study.
Sun et al. [4] in their study concluded that among the diﬀerent cutting ﬂuid
application methods, MQL provides the most superior lubrication, as the cutting
forces were lower when MQL system was used. Also, by observing the SEM images
of worn out edges, as shown in Fig. 4.3, for diﬀerent cutting ﬂuid application
methods at a particular cutting speed, it is inferred that MQL cutting inserts
were less seriously aﬀected after the machining process because of the superior
lubrication capabilities of MQL system as compared to ﬂood cooling and dry
cutting.
Liu et al. [5] investigated experimentally the eﬀect of diﬀerent MQL parameters,
viz., air pressure, rate of consumption of oil, nozzle angle and position of the
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Figure 2.4: SEM images of inserts under varied cutting speed in three coolant
supply methods [4]
nozzle on cutting force and cutting temperature when end-milling titanium alloy,
Ti-6Al-4V. Experimental results show that optimization of spraying distance and
air pressure is critical in order to enhance the oil mist penetration into the cutting
zone for diﬀerent machining conditions. It was observed that the spraying angle
of nozzle has minimal eﬀect on machining process while increasing the ﬂow rate
of oil upto an extent decreases the cutting force and temperature. However,
on increasing the ﬂow rate of oil beyond 10 ml/h had little or no eﬀect on the
machining process. Figure 4.4 summarizes the eﬀect of variation of diﬀerent MQL
parameters on cutting forces and temperatures.
Yuan et al. [6] experimentally investigated the impact that the variation of
temperature of the pressurized gas in a MQL system would have on the machining
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(a) Air pressure (b) Spray-distance (c) Oil delivery rate
Figure 2.5: Cutting force and cutting temperature variation for diﬀerent spray
parameters [5]
performance in milling of titanium alloy with uncoated cement carbide inserts. In
their experimental setup cooling air and atomized oil were supplied to the cutting
zone by two diﬀerent nozzles. Based on experimental observations they found
that application of MQL with cooled air resulted in lower cutting force, tool wear
and surface roughness than what was observed with MQL system.
Yuan et al. [6] in their study concluded that their exists an optimal cooling
temperature of the gas, which was -15 ◦C for their study, that would lead to the
best machinability performance. Figure 4.5 shows the tool ﬂank wear for diﬀerent
cutting environments. Furthermore, in this study it was shown that the chip
generated while using MQL with cooling air, were short and chip curl was not
signiﬁcant as compared to other cutting environments.
There is a limited number of research that have been conducted to explore the
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Figure 2.6: Variation of ﬂank wear with machining time for diﬀerent cutting
environments [6]
impact the number of nozzles in a MQL system has on the machining performance.
Najiha et al. [7] used a 3 Dimensional computational ﬂuid dynamic model to study
the eﬀect of the number of nozzles on MQL ﬂow in the milling process. The input
parameters for the model were number of nozzles, nozzle distance and height of
the nozzles from the cutting point. The CFD analysis was performed using the
ANSYS Fluent solver. Figure 2.7(a) shows that the MQL system having a single
spray does not cover the periphery of the tool and thus the cutting surface is
not entirely lubricated. However, MQL system with three nozzles can solve the
problem of uneven distribution of the ﬂuid along the periphery of the tool, which
is encountered with a single nozzle. Figure 2.7(b) shows that using three nozzles
can lubricate all the cutting edges of the tool. Hence, [7] concluded that three
nozzles in MQL system might work well to achieve complete lubrication of the
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rotating tool.
(a) One nozzle MQL system (b) Three nozzles MQL system
Figure 2.7: Velocity contours [7]
While the above studies show that MQL has been been able to provide econom-
ical and environmental beneﬁts over ﬂood cooling during machining operations,
however it has been reported that improvement in machinability of the metal is
not always obtained with this technique for all types of cutting [43]. For an MQL
system the temperature reduction at the cutting zone is primarily achieved by the
cooling eﬀect of the pressurized air and partially by evaporation of the cutting
ﬂuid [54]. Hence, the major drawback of the MQL system is that the size of
droplets generated by the system cannot be easily controlled and as a result of
which the penetration of these droplets into the the tool-chip interface is not guar-
anteed. Consequently, using MQL system leads to underutilization of the cooling
potential of the cutting ﬂuid in cooling the cutting surface. Therefore, MQL does
not work very well in machining operations where many thermal problems occur,
like in the machining of diﬃcult-to-cut materials [43]
To overcome the limitations inherent to an MQL system, atomization based cut-
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ting ﬂuid (ACF) spray systems was proposed to enhance the cooling capability at
the cutting zone during macro as well as micro-scale machining operations.
2.2.2 Atomization-based cutting ﬂuid (ACF) spray system
Jun et al. [8] developed and evaluated an ACF spray system for micro-end milling.
In the ACF spray system, the liquid was atomized by ultrasonic vibration to
generate droplets having diameters less than 10 µm. Air at low velocity is used
to carry the atomized droplets through a pipe. As soon as the droplets exit the
pipe, they are carried to the cutting zone by high velocity air that is delivered
through a tube, which lies along the center of the pipe. Figure 4.10 shows the
schematic of the ACF spray system that was used for conducting experiments.
The velocities of air in the pipe and tube were selected on the basis of droplet
impingement dynamics. In the study, Jun et al. [8] assumed that the velocity of
the droplet is equal to the velocity of the air that is carrying it. The velocity of
air in the pipe was selected such that droplets do not stick on the pipe wall and
travel all the way to the exit. The velocity of air in the tube was selected such
that not only do the droplets upon striking the cutting tool eﬀectively wet the
cutting zone by spreading but also the air velocity was high enough to carry away
the chips from the cutting zone.
Jun et al. [8] used the above mentioned ACF spray system and compared its
machining performance with dry cutting and conventional ﬂood cooling by milling
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Figure 2.8: ACF system used for micro-end milling [8]
slots in an aluminum workpiece and analyzing the peak-to-valley cutting forces.
Figure 4.13 shows that at feed rate of 0.33 /ﬂute, where ploughing dominates
the cutting process, the milling cutter failed after cutting eight slots in one case
and ﬁve slots in the other when cutting dry. On the other hand, the cutter was
able to machine more than ﬁfty slots when the atomization-based cutting ﬂuid
application was used. Figure 4.15 shows that for the same feed rate, burrs formed
during dry cutting are signiﬁcantly larger than those formed when the ACF spray
system is used.
On comparing the machining performance of ﬂood cooling and ACF spray sys-
tem it was found that using ﬂood cooling leads to clustering of metal chips near
the cutting zone that is instrumental in increasing the surface roughness of the
machined surface. However, on using the ACF system no such chips clusters were
reported. Jun et al. [8] observed that using ﬂood cooling leads to chipped cutting
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Figure 2.9: Peak-to-valley cutting forces at the feed rate of 0.33 µm/ﬂute [8]
Figure 2.10: Photographs of burrs [8]
edges, whereas the tool wear is uniform, without any chipped edges when ACF
spray system is used, as shown in Fig. 4.16
(a) (b)
Figure 2.11: Photographs of tool wear after cutting 30 slots with ﬂood cooling
and 45 slots with atomized ﬂuid [8]
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To further evaluate the performance of an ACF spray system as comapred to
other cutting ﬂuid application methods, Jun et al. [8] studied the metal chips
generated during diﬀerent cutting ﬂuid application methods. Figure 2.12 shows
that chips generated during ﬂood cooling do not have uniform sizes and are broken
into little pieces, owing to the continuous collision of the cluster of metal chips
with the cutting tool. Whereas, when the atomization-based cooling method is
applied, the chips are more serrated and segmented/discontinuous which is an
indication of more eﬀective cooling of the cutting zone.
Figure 2.12: Photographs of generated chips for the conditions of (a)dry,
(b)ﬂood cooling, and (c)atomization-based cooling [8]
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Jun et al. [8] also studied the eﬀect of variation of a single spray parameter,
namely, droplet velocity on two critical machinining parameters, viz., peak-to-
valley resultant forces and surface roughness. Figure 2.13 shows that the droplet
impingement velocity does not appreciably aﬀect the cutting performance and
it can be concluded that as long as the droplet velocity is within the spreading
regime, the machining performance is not signiﬁcantly aﬀected by the droplet
velocity.
Figure 2.13: Experimental results at diﬀerent droplet impingement velocities [8]
Nath et al. [9] designed and evaluated an atomization-based cutting ﬂuid spray
system in macro-scale turning of titanium alloy. Figure 2.14(a) shows the ACF
spray unit for conducting turning experiments. Nath et al. [9] not only conducted
experiments to compare the machining performance of the ACF spray system
with that of ﬂood cooling but also studied the eﬀect of variation of ﬁve spray
parameters, namely, cutting ﬂuid ﬂow rate, spray distance, impingement angle,
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and type and pressure level of the droplet carrier gas on cutting forces, tool life,
and chip characteristics. ACF spray parameters in turning setup are shown in
Fig. 2.14(b).
(a) (b)
Figure 2.14: (a) Photograph of the ACF spray unit and (b) ACF spray
parameters in turning setup [9]
Nath et al. [9] observed that under the same machining conditions, the tool life
obtained using the ACF spray system is 40-50 % more than what could obtained
using ﬂood cooling. Figure 2.15(a) and 2.15(b) show the metal chips while using
ACF spray system and ﬂood cooling, respectively. Using the ACF spray system
leads to broken chips whereas ﬂood cooling resulted in continuous long chips.
From this observation it can be concluded that the ACF spray system is able
to cool the cutting zone eﬀectively, as a result of which the brittleness of the
metal chips increases and it breaks easily, leading to broken chips. Due to lack
of penetrating capability of cutting ﬂuid in ﬂood cooling, the cutting zone does
not get cooled much and the brittleness of the chips does not change signiﬁcantly,
as a result of which application of ﬂood cooling results in long continuous metal
chips.
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(a) ACF spray system
(b) Flood cooling
Figure 2.15: Metal chips produced in diﬀerent cutting ﬂuid application methods
[9]
Plots showing the outcome of experiments conducted in [9], to study the eﬀect
of variation of various spray parameters on tool life, are shown in Fig. 2.16. It
was observed that both air - CO2 mixture and the N2 as droplet carrier gas oﬀer
about the same tool life. However, the air - CO2 mixture eﬀectively diminishes
smoke from the cutting zone that is produced due to burning of the cutting ﬂuid
at elevated cutting temperature. In contrast, the N2 gas does not help diminishing
smoke probably due to high dispensing temperature. Hence, air - CO2 mixture
is preferred as the droplet carrier gas. It was observed that the combination of
lower pressure (150 psi), higher cutting ﬂuid ﬂow rate (20 ml/min) and a larger
spray distance (35 mm), produces a signiﬁcantly longer tool.
Rukosuyev et al. [10] proposed that the spray characteristics of the atomization
based cutting ﬂuid spray system plays a vital role in improving the performance




Figure 2.16: Two-way diagrams for tool life [9]
zone in micro-machining is small, it is desired to have a narrow and focused spray
for eﬀective penetration into the cutting zone. Hence, Rukosuyev et al. [10]
studied the eﬀects of the system input parameters (mist and spray velocities) and
nozzle designs on the spray characteristics,focus length and focus height, which
are shown in Fig. 2.17. The focus height of the spray is the spray diameter at
the focal point, and the focus length is the distance from the air jet pipe to the
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focal point. The focus length is important because it determines the position of
the nozzle tip with respect to the cutting zone for eﬀective wetting of the cutting
ﬂuids. Hence, in the experiments conducted in [10], focus length and focus height
have been considered as parameters to evaluate the performance of ACF spray
system.
Figure 2.17: Spray characteristics [10]
The eﬀect of variation of two aspects of the nozzle geometry, namely, location
of high speed air outlet with respect to the nozzle tip (Lh) and slope of the nozzle
inside (γn), on the performance parameters was studied in [10] by considering
diﬀerent nozzle geometries, shown in Fig. 2.18. Experiments were also conducted
to study the inﬂuence of variation of velocities of air in the tube (spray velocity
(Vs)) and the pipe (mist velocity (Vm)),in a conﬁguration similar to Fig. 4.10, on
the performance parameters.
Figure 2.19 and 2.20 show the eﬀect that the variation of nozzle design, spray
velocity and mist velocity have on the performance parameters. It is observed
that best focusing is achieved when the air jet pipe is inside the nozzle and the
nozzle has a slight convergence angle.
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Figure 2.18: Four diﬀerent nozzle geometries studied [10]
Figure 2.19: Photograph of the spray at diﬀerent nozzle geometries: (a) Lh =
−10.16 mm, γn = 6 ◦, (b) Lh = −10.16 mm, γn = 0 ◦, (c) Lh = +10.16 mm, γn
= 6 ◦, and (d) Lh = +10.16 mm, γn = 0 ◦[10].
Figure 2.20: Photographs of the spray at mist velocities of 0.5, 1.5, 2.5, and 3.5
m/s and spray velocities of 11.0 and 21.0 m/s [10].
Experiments were further conducted in [10] to gain deeper understanding of the
eﬀect of variation of spray velocity and mist velocity on the system's performance
parameters. Figure 2.21(a) shows that for a particular spray velocity, an increase
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in mist velocity leads to an increase in focal length and height. In contrast, the
variation of spray velocity for a particular mist velocity does not seem to inﬂuence
the focus height and length much when the mist velocity is less than 1.5 m/s, as
shown in Fig. 2.21(b). However, when the mist velocity is higher than 1.5 m/s,
an increase in the spray velocity decreases both the focus length and height.
(a) Focus length and height at diﬀerent
mist velocities
(b) Focus length and height at diﬀerent
spray velocities
Figure 2.21: Eﬀect of variation of air velocities [10]
2.3 Single droplet dynamics
2.3.1 Droplet atomization
Generation of sprays is quite a critical step towards ensuring that the spray full
ﬁlls the required objectives. Atomization of liquid that leads to the generation of
sprays could be broadly classiﬁed in two groups [11]. In the ﬁrst group are systems
that generate droplets based on the shearing properties of co-ﬂowing jets. Such
systems rely upon large velocity diﬀerences between the liquid jet and surrounding
medium, to induce surface instabilities and droplet peeling from the jet surface
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[11]. Two major drawbacks of using such a system are that the distribution of
droplet sizes is not uniform and high pressures are required to create such sprays.
Figures 2.22(a) and 2.22(b) show a couple of examples of such types of atomizers.
In the second group of sprays, liquid atomization is a achieved by using external
excitation methods to induce dynamics instabilities of the liquid surface that
eventually lead to the breakup of the liquid surface, resulting in the generation of
droplets. The unique feature of externally excited spray system is the generation
of a quasi-monodisperse spray [11]. Figure 2.22(c) shows an example of such type
of a spray.
(a) Mechanical atomizer (b) Air-blast atomizer (c) Ultrasonic atomizer
Figure 2.22: Operating principles of diﬀerent types of atomizers [11]
Droplets generation in the ACF spray system could be best achieved by ultra-
sonic excitation [8, 9]. Ultrasonic excitation leads to generation of droplets that
are not only of equal sizes but also the size of the droplets could be easily varied
by controlling the oscillation frequency [11]. Furthermore, the design of the ACF
spray system can be compact and consume less energy for operation because un-
like a shearing atomizer, an ultrasonic atomizer does not require high pressure
pumps for generating droplets [11]. An ultrasonic atomizer works on the princi-
ple of resonating a surface by using acoustic waves, generated by a piezoelectric
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element [12]. The liquid to be atomized is delivered to the vibrating/resonating
surface and due to the accumulation of surface waves on the free surface of the
liquid, the liquid surface eventually undergoes a uniform breakup process, result-
ing in monodispersed spray [13]. A typical diagram of an ultrasonic atomizer is
shown in Fig. 2.23.
Figure 2.23: Schematic of an ultrasonic atomizer [12, 13]
2.3.2 Single droplet impingement dynamics
The phenomena of drop impact with surfaces is widely encountered in diﬀerent
scenarios like, spray cooling, ink-jet printing, raining and spray painting, to name
a few. Understanding of the ﬂuid mechanics behind drop impact holds the key to
not only improve processes encountered in engineering ﬁelds but also to explain
mechanism behind some of the phenomena observed in non-engineering ﬁelds, for
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example, atmospheric and oceanographic sciences study the phenomena connected
with the interaction of rain drops with the surface of the ocean [14]. Single
droplet impingement refers to a liquid drop striking a dry or wet surface. The
fate of a droplet after impacting a surface would depend on droplet and surface
characteristics. Hence, studying the dynamics of the droplet, before , during and
after impingement, is crucial step in controlling the processes that involve droplet
impingement on a surface. There are a number of parameters that needs to be
taken into account to predict the outcome of a drop impact [14], as shown in Fig.
2.24
Most of the theoretical and experimental studies that are conducted, assume
that the droplets are spherical in shape [14]. For the ACF spray system the droplet
impact on the surface can either be normal or oblique and it would depend on the
orientation of the ACF spray unit with respect to the impinging surface. During
the initial stages, the droplets coming out of the ACF spray unit would impinge
on a solid surface, however, after passage of some time, the droplets would be
impinging on a thin liquid ﬁlm that has been formed due to previous droplets
impingement.
The various impingement regimes identiﬁed for droplets impacting on a dry or
wet surface are stick, rebound, spread and splash, as shown in Fig. 2.25 [71]. On
the basis of studies conducted by Wachters et al. [72], Levin et al. [73] and Stow
et al. [74], it was suggested that parameters that aﬀect droplet impingement
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Figure 2.24: Survey of parameters governing the impact of a liquid drop. [14]
dynamics are incident droplet's diameter (do) and normal velocity (uo), liquid
viscosity (µ), density(ρ) and surface tension (σ). The parameters characterizing
the conditions of the receiving surface, such as ﬁlm thickness (hf) for wet surfaces
also play an important role in controlling the outcome of droplet impingement
[71].
Non-dimensional numbers , formed by combining the above mentioned param-
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Figure 2.25: The various impingement regimes identiﬁed for a droplet. [15]
eters, that have been identiﬁed to be the most critical in predicting the outcome














where, We is the Weber number and it represents the ratio of the droplet kinetic
energy to the droplet surface energy , Oh is the Ohnesorge number and is used
for relating the viscous forces to the inertial and surface tension forces, Re is the
Reynolds number and it is the ratio of the inertial to the viscous forces for a
droplet and hnd is the non-dimensional ﬁlm thickness number [75]. These non-
dimensionless numbers could be used for predicting the impingement regime for
a droplet impacting on a surface.
45
2.3.3 Single droplet impingement regimes
Stick Regime
The droplet is in this regime when it adheres to the surface in a nearly spherical
shape and this happens when the impact energy of the droplet is extremely low
and the temperature of the wall is below pure adhesion temperature [15]. For a
wet surface, Jaya et al. [76] studied the sticking regime by conducting experiments
using water droplets, wherein the droplet radius, velocity and angle of impact were
variable parameters. After analyzing the experimental results, [76] concluded that
sticking of water dropplets would occur for We<5 [15]
Rebound Regime
The characteristic feature of the rebound regime is that the droplet will bounce oﬀ
the surface because of low impact energy. The air layer trapped between the drop
and the impinging surface causes low energy loss resulting in bouncing [15]. Based
on the experimental investigations carried out by Stow et al. [74] and Rodriguez
et al.[77], the transition criteria for this regime is given by 5 < We < 10.
Spreading Regime
This regime is similar to sticking regime but droplets that spread have a greater
impact energy than the droplets that only stick. Droplets would spread on a
surface if We > 10 [15].
Splashing Regime
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Droplets would be categorized under this regime if they have a very high impact
energy. Characteristic feature of splashing droplets is that upon impact a crater
is formed with a crown at the periphery where liquid jet becomes unstable and
breaks up into many secondary droplets [15]. Based on the experimental study
conducted by Yarin et al. [78] and Mundo et al. [19], a couple of transition criteria






Ky > 57.7;Ky = Oh ∗Re1.25, (2.3)
where, f is the frequency of impinging droplets and Ky is a non-dimensional num-
ber formed by combining Reynolds and Ohnesorge numbers.
Depending on the application, the impinging droplets could be controlled to
be in one of the above mentioned four regimes, by varying the parameters that
constitute the non-dimensional numbers. Jun et al. [8] in their study pointed out
that the objective of the droplets coming out the ACF spray unit is to uniformly
wet the surface of the tool by spreading upon impinging on the surface. Hence,
the droplets coming out of the ACF spray system should satisfy two criteria, viz.,
We > 10 and Ky < 57.7. Furthermore, it should be noted that the above men-
tioned criteria has been derived considering droplets are impacting on a stationary
surface, however the surface involved in the present study is a rotating end-mill
tool and the above mentioned criteria should be applied with some caution.
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2.4 Single droplet spreading behavior on a stationary
surface
Spreading of droplets upon impact on a surface have been studied, both numeri-
cally and experimentally, due to its relevance in industrial applications. Moreover,
as mentioned in Section 2.3, eﬃcient functioning of the ACF spray system relies
on ensuring that the impinging droplets are in the spreading regime. Hence, it is
critical to study droplet spreading behavior.
2.4.1 Experimental study
Riboo et al. [16] experimentally studied the temporal development of a spreading
ﬁlm formed due to normal impact of single drops on a dry as well as wet surface.
To simplify the analysis, Riboo et al. [16] deﬁned non-dimensional time (t∗) by
combining the droplet impact velocity (V) and initial spherical diameter (D) with
time t (t∗ = t(V/D)). Another non-dimensional number , spreading factor (d∗)
was deﬁned as the ratio of spread diameter (d) and D. If the droplet is in the
spreading regime, then the temporal evolution of the spread factor can be divided
into four distinct phases: the kinematic phase, the spreading phase, a relaxation
phase and a wetting/ equilibrium phase, as shown in Fig. 2.26 [16].
Parameters that were varied by Riboo et al. [16] in the experiments could
be divided into two types. First, properties related to the liquid droplets, viz.,
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Figure 2.26: Schematic representation of the spread factor with time. The
diﬀerent lines correspond to an arbitrary choice of possible spreading histories,
depending on the parameters of the impact [16].
droplet impact velocity, diameter, viscosity and surface tension, and second, char-
acteristics of the droplet receiving surface, namely, wettability and roughness of
the surface (Ra). In the experiments reported in [16] it was observed that the
kinematic phase was similar for all experimental for all experimental conditions
and simple scaling according to the droplet impact velocity and initial diame-
ter could take care of any observed variation in droplet spreading. However, the
spreading phase was signiﬁcantly aﬀected by the variation of the droplet and re-
ceiving surface parameters, and the diﬀerence in spreading characteristics can not
be accounted for by considering just the Weber and Reynolds number [16]. Fur-
thermore, it was concluded in [16] that surface wettability and roughness play a
major role in temporal evolution of the spread factor, as seen in Fig. 2.27 and
2.28, respectively.
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(a) Wax: V=1.18 m/s, Ra=0.4 µm
(b) Glass: V=1.18 m/s, Ra=0.003 µm
Figure 2.27: Sequences of water drop impacts on surfaces with diﬀerent
wettability [16]
(a) Wax: V=3.6 m/s, Ra=0.003 µm
(b) Glass: V=3.6 m/s, Ra=3.6 µm
Figure 2.28: Sequences of water drop impacts on surfaces with diﬀerent surface
roughness [16]
2.4.2 Numerical study
Numerical modeling of spreading of a ﬁlm formed by the impact of droplets is quite
challenging because of the complex ﬂuid dynamics involved in the process [79]. As
a result many researchers have studied the spreading behavior of a single droplet,
as a ﬁrst step towards modeling the spreading behavior of a spray. Fukai et al.
[79] used conservation of mass and momentum under the Lagrangian approach
to simulate the impact of a liquid droplet on a solid substrate. The model took
into account the eﬀect of surface tension on droplet spreading. The numerical
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model in [79] was used to evaluate the eﬀects of impact velocity, droplet diameter,
surface tension, and material properties on the ﬂuid dynamics of the deforming
droplet. The model successfully predicted the droplet spreading and was also able
to demonstrate droplet recoiling.
Ghai et al. [26] modeled a single droplet spreading on a dry rotating surface
with an objective of designing an eﬃcient atomization-based cutting ﬂuid (ACF)
system for micro-machining purposes. In [26], modeling approach based on con-
servation of volume and energy is used to predict the spreading behavior of a
droplet impinging on a rotating surface. Ghai et al. [26] developed a spreading
model, which would predict the droplet spread and height, by parameterizing the
droplet shape to obtain a 3-D equation of the droplet at the time of maximum
spread. Although the above models are able to capture accurately the single
droplet spreading on a stationary or rotating surface, however such models are
incapable of simulating the ﬁlm formation by sprays, where multiple drops are
impacting on a dry or wet surface.
Arienti et al. [17] modeled droplet impingement on a surface, where droplets
where generated due to cross-ﬂow atomization. The numerical model was devel-
oped by modifying the continuity and momentum equations to take into account
the diﬀerent regimes a droplet could be in after impingement. Furthermore, the
numerical model utilizes experimental data to modify the governing equations and
is based on direct numerical simulations. Figure 2.29 shows the result of numer-
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ical simulation ,along with experimental observation, of droplets impinging on a
surface having a thin ﬁlm of liquid. Although the model in [17] is able to simulate
Figure 2.29: The various impingement regimes identiﬁed for a droplet. [17]
droplet spreading due to successive droplet impingement, the computational time
is excessive because the model used semi-implicit scheme for simulations. Further-
more, the model presented above does not have provisions for accommodating the
additional ACF parameters (carrier gas pressure) that would aﬀect the droplet
impingement dynamics.
2.5 Behavior of droplets impinging on a rotating
surface
In the literature, most of the experimental and numerical studies related to droplet
impingement have been performed on stationary surfaces. However, there are
many practical situations where droplets coming out of a spray are impacting
rotating surfaces, for example spray cooling of a grinding wheel or using the ACF
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spray system in milling operations. It is suggested that the presence of a rotating
surface could alter the droplet impingement dynamics and hence, the relations
obtained for droplet impingement on a stationary surface could not be applied
directly. Therefore, there is a need to study behavior of droplets impinging on a
rotating surface.
2.5.1 Droplet impingement dynamics
The study of the interaction of impinging droplet with a boundary layer on a
surface of a rotating disk, for droplet diameters (dd) in the range of 0.3-4 mm and
droplet velocities (vd) varying from 0.1-10 m/sec, was studied by Povarov et al.
[18]. For the experiments performed in [18], three diﬀerent types of interaction of
the droplet with the rotating disk was observed: 1) the drop is captured by the
disk on contact and spreads out on the surface; 2) the drop upon impact enters
the boundary layer of the disk, gets slightly deformed, and is partially spread out
over the surface and partially reﬂected from it; 3) the drop is strongly deformed
in the boundary layer and, without touching the surface, is reﬂected away from
it.
In the study, [18], it was concluded that for a given droplet impact velocity
and initial diameter, the azimuthal velocity (u) of the disk, plays a major role in
deciding which one of the above mentioned interaction a droplet would have with
the rotating disk. The ﬁrst form of interaction corresponds to low values of u.
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Under such a scenario, the drop passes through the boundary layer undeformed
and comes in contact with the surface, gradually spreading out in the direction
of rotation of the disk. On increasing the value of u, second form of interaction
is observed, as shown in Fig. 2.30(a). In this form of interaction, as the drop
approaches the disk, it gets slightly deformed and the lower potion of the drop,
upon coming in contact with the disk gets carried away with it, while the upper
portion of the drop remains undeformed (frames 1-3). The bottom part of the
drop in contact with the disk, gets spread out but the rearward portion of the
drop does not undergo any spreading and this leads to the formation of a velocity
gradient in the boundary layer. As a result of which, a wedge of air forms under
the drop, which begins to rise (frames 4-8) and this provides suﬃcient lifting force
to separate a portion of the drop from the disk surface (frames 9-12) and project
it as a parabola towards a second collision with the surface [18]. The third form of
interaction is observed on further increasing the value of u, as seen in Fig. 2.30(a).
Under such condition, the drop gets signiﬁcantly deformed upon entering the
boundary layer because of the combined eﬀect of the dynamic pressure diﬀerence
exerted on the drop by the ﬂow gradient and the reduction in static pressure
close to the surface of the rotating disk (frames 2-3). The lower part of the drop
gets displaced in the direction of rotation of the surface, and under the action
of the increasing lift force begins to rise above the surface and proceeds to take
a streamlined form (frames 4-7). The center of application of the aerodynamic
force (the pressure center) does not coincide with the center of mass of the drop,
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which leads to spatial rotation of the drop (frames 8-12) at some angular velocity
[18].
(a) u = 30 m/sec (b) u = 60 m/sec
Figure 2.30: Drop trajectory and ﬁlm frames for collision of drop ( dd = 2 mm,
vd = 1.2 m/sec) with surface of rotating disk [18]
In [18], it was concluded that the pattern of interaction between drop and ro-
tating disk remains the same for diﬀerent drop sizes investigated in the study.
The boundaries of diﬀerent form of interactions for diﬀerent droplet diameters
are shown in Fig. 2.31. The boundary between interactions of types I (complete
adherence) and II (partial reﬂection), is independent of the drop size. Type-I colli-
sions were observed over the whole range of dd, when Vdd/u < 0.15. The position
of the boundary between types II and III (complete reﬂection) is determined by
the drop size.
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Figure 2.31: Eﬀect of droplet diameter on the reﬂection of drop form disk. [18]
Mundo et al. [19] studied droplet impingement on a rotating disc, with the aim
of formulating an empirical model describing the deposition and the splashing
process. This study has been performed for diﬀerent initial droplet diameters (60
< do < 150 µm) and velocities (12 < w < 18 m/s). Splashing was observed for
droplets having high Reynolds number, as shown in Fig. 2.32. The schematic
view of the splashing process is shown in Fig. 2.33. Mundo et al. [19], described
splashing to happen because once the lower half droplet has undergone deforma-
tion, the total volume ﬂow rate into the wall ﬁlm begins to decrease. As a result
of which, the corona that was formed around the deforming droplet, after having
been stretched in the radial direction, also now has less ﬂuid feeding the ﬁlm and
hence becomes thinner. An instability develops and leads to a circumferential
wreath which propagates upward in the corona and ﬁnally results in a disintegra-
tion into secondary droplets. However, droplets having lower Reynolds number,
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spreads after getting deposited on the surface, as seen in Fig 2.34. The schematic
view of the deposition process is shown in Fig. 2.35. Droplet having low Reynolds
number, just spreads around the point of impact and corona formation does not
takes place because most of the kinetic energy with the droplet gets dissipated
during the deformation process and little or no momentum normal to the wall
exists for corona formation.
Figure 2.32: Splashing of a liquid droplet with Re = 598.8 [19]
Figure 2.33: Schematic view of the splashing process. [19]
Figure 2.34: Splashing of a liquid droplet with Re = 251.4 [19]
Figure 2.35: Schematic view of the deposition process. [19]
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Based on experimental observation Mundo et al. [19], obtained a correlation
between Reynolds number (Re) and Ohnesorge number (Oh), as K = OhRe1.25, to
deﬁne limits of deposition and splashing of droplets (normal velocity component
of the droplets should be used for calculating dimensionless numbers). A value of
K exceeding 57.7 leads to incipient splashing, whereas K less than 57.7 leads to
complete deposition of the liquid, as illustrated by the results presented in Fig.
2.36 [19].
Figure 2.36: Limits for splashing and deposition of primary droplets. [19]
2.5.2 Droplet spreading behavior
Chen et al. [20] studied the eﬀect of tangential velocity on the outcome of water
drop impingement on a rotating cylindrical teﬂon surface. The signiﬁcant param-
eters that were varied in the study were the drop diameter ( 500 µm < D < 900
µm), drop speed (1 m/s < V < 3 m/s) and cylinder rotational speed ( 0 < ω <
280 rpm). The coordinate system used for this study can be seen in Fig. 2.37.
58
To simplify the analysis, some parameters based on the geometrical relation were
deﬁned as,
Vn = V cosθ, (2.4)
Vt = ωR− V sinθ, (2.5)
where, Vn is the impact velocity of the droplet in the n-direction (normal) and Vt
denotes the impact velocity of the droplet in the t-direction (tangential). Based












where, Wen represents the ratio of the n-direction collisional energy to the surface
energy of the drop before impact and Wet represents the ratio of the t-direction
collisional energy to the surface energy of the drop before impact.
Figure 2.37: Variables and coordinates system. [20]
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For the experiments conducted in [20], three diﬀerent impact patterns were
observed, which are shown in Fig. 2.38 and the regimes of these patterns are
plotted in Fig. 2.39, as a function of Wen and Wet. Show in Fig. 2.38(a), partial
rebound of the drop results from close-to-normal impacts with medium to high
Weber numbers. The drop on impinging the surface, spreads out radially into a
rather axi-symmetric disk. The retraction of the disk, upon reaching the maximum
spread, generates an upward internal ﬂow, which stretches the end of the liquid
rod into one drop jumping oﬀ the surface; while leaving a portion of the liquid
on the surface. Deposition pattern refers to an impact in which the drop simply
spreads and retracts into one drop sticking to the surface, as seen in Fig. 2.38(b).
Deposition happens in low-energy impacts or impacts with a medium tangential
Weber number. Finally, split deposition denotes an impact which results in the
drop gets split into two droplets, as shown in Fig. 2.38(c). This type of impact
happens at a high tangential Weber number; the high tangential speed stretches
the drop into an elliptical disk, if the elongation is suﬃcient, the retraction of
the disk would generate a necking in the middle to produce two droplets. As
mentioned before, functioning of the ACF spray system relies on the spreading of
droplets, after it gets deposited on the surface. For the range of parameters studied
in [20], it can be concluded that droplets coming out of the ACF spray system
should have medium tangential Weber numbers in order to be in the spreading
regime.
Recognizing the importance of droplet's spread area for diﬀerent industrial ap-
60
(a) Partial rebound (Wen = 30, Wet = 0)
(b) Deposition (Wen = 30, Wet = 60
(c) Split deposition (Wen = 30, Wet = 110
Figure 2.38: Change of impact outcome with increasing Wet for Wen=30 [20]
Figure 2.39: Drop impact regimes. [20]
plications, Chen et al. [20], tried to quantify the eﬀect of Wet on droplet spread.
Based on experimental observations, maximum spread area for the normal impacts
was estimated to be in the order of pi d2m, where dm is the maximum spreading
diameter for normal impacts. Similarly for drops with tangential speed, the maxi-
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mum spread area was estimated to be in the order of pi bdm, if the drop is assumed
to have taken an elliptical disk shape at the maximum spread with the axes dm
and b. A new parameter, dimensionless excess spread area(XA), given by (b dm -
dm
2 )/D2, is deﬁned and its value as a function of Wet is plotted, as shown in Fig.
2.40. From the plot, it can be concluded that in general, higher Wet, induces more
dimensionless excess spread area due to higher energy dissipation. By performing
linear regression of the plotted data, a linear relation between XA and Wet was
obtained, which is mathematically given by
XA = (dm/D)
2(b/dm) = 0.0226Wet. (2.8)
Figure 2.40: Dimensionless excess spread area versus Wet. [20]
The experimental study under taken by Chen et al. [20], successfully estab-
lished that the droplet impingement dynamics gets aﬀected by the presence of a
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rotating surface, by conducting experiments using both stationary and rotating
surface. However, in [20] no attempt was made to quantify the droplet spread area
as function of droplet velocity and surface speed. Furthermore, it is debatable if
the study in [20], can be directly applied to evaluate the spreading behavior, of
the ﬁlm formed by impinging droplets, of a spray based system. The impinge-
ment of droplets was carried out on a dry surface for the experiments presented
in [20], however, droplets coming out of a spray are expected to impinge on a
rotating surface that already has some liquid ﬁlm present on it. Droplet impinge-
ment dynamics, specially spreading, is bound to get aﬀected by the presence of
a liquid ﬁlm [14]. Droplets coming out of a spray based system undergo complex
interactions with each other as well as with the gas mixture which carries them
to the rotating surface. As a result of which, unlike the situation presented in
[20], condition of the droplet before impinging the surface is not easily deﬁned in
terms of a ﬁxed droplet diameter and initial impact velocity.
2.6 Performance evaluation of spray-based systems
2.6.1 Film thickness models
Sprays are used in a wide number of industrial and technical applications,
such as direct injections in diesel engines, cutting ﬂuid dispensation in metal
cutting, spray cooling, spray painting and coating, to name a few, wherein the
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spray is impinging on a surface. To ensure that the spray is able to achieve the
desired functionality, it is critical to study and monitor a few parameters after the
spray has impinged onto the surface. One such important parameter is the ﬁlm
thickness of the liquid ﬁlm that is formed after the droplets impinge on a surface.
In spray cooling, the prediction of average ﬁlm thickness and average velocity is
very important because these parameters signiﬁcantly aﬀect the eﬃciency of heat
transfer in the sprayed surfaces [22]. In micro-machining processes, the thickness
of the ﬁlm, formed by a spray dispensing cutting ﬂuid, determines whether the
liquid ﬁlm is able to access the tool-chip interface in order to cool and lubricate
the cutting zone [9]. In direct injection diesel engines, fuel spray impingiment and
fuel ﬁlm formation inﬂuences the engine performance and emissions [15]. The
characteristic of liquid ﬁlm formed by a spray, gets signiﬁcantly inﬂuenced by
the dynamics of the impinging surface . Hence, the approach for modeling spray
impingement on a stationary surface might be diﬀerent from that on a rotating
surface.
2.6.1.1 Stationary ﬂat surface
Modeling of spray impingement on a stationary ﬂat surface, is well documented
in literature [15, 22, 21, 80] because this situation is widely encountered in dif-
ferent industries. However, the modeling approach might vary depending on the
accuracy and complexity of the problem.
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The most common approach for modeling ﬂuid ﬁlms created by impinging fuel
sprays is to utilize the continuity equations for mass and momentum in conjunction
with the energy equation. Stanton et al. [15] formulated and validated a multi-
dimensional, fuel ﬁlm model to help account for the fuel distribution during the
combustion in internal combustion engines. The fuel ﬁlm model took into account
the major physical processes that aﬀect a liquid ﬁlm, as shown in Fig. 2.41(a),
and these were: mass and momentum variation caused due to spray impingement,




Figure 2.41: Schematics of: (a) a typical wall ﬁlm cell used in the formulation of
the ﬁlm model; (b) the major physical phenomena governing ﬁlm ﬂow [15]
The thin fuel ﬁlm ﬂow on a surface was modeled by solving the continuity, mo-
mentum and energy equations for each and every wall ﬁlm cell as shown in Fig.
2.41(b). By integrating across the ﬁlm thickness and using 'thin ﬁlm' assump-
tions, the equations are reduced to a 2-D ﬁlm ﬂowing across a 3-D surface. After
integrating in the ﬁlm normal direction the continuity equation gets transformed
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where Awall is the wall area, Vf is the ﬁlm velocity, li is the length of side i, ρl is
the ﬁlm density, δi is the ﬁlm thickness at side i, Sd is the source term, nˆ is the
normal vector to a given entry or exit side for an arbitrary ﬂuid cell, and ˙Mvap is
the rate of fuel vaporization. In Eqn. 2.9, Sd is the source term and it accounts for
the mass ﬂux of drops that impinge upon the ﬁlm or the secondary droplets that
leave the ﬁlm which results from splashing. The speciﬁc value of Sd is determined
based on the impingement regimes of the droplets [15]. Furthermore, Eqn. 2.9 is
used to calculate the temporal evolution of ﬁlm thickness in a given cell.





















In Eqn. 2.10, the ﬁrst term on the left is the time derivative of the ﬁlm mo-
mentum per unit area. The second term denotes convective momentum and is





Vf (Vf · nˆ)dxˆ3dxˆ1 ≈
Nside∑
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Equation 2.12 is a result of approximation of the integration of the non-linear
convective terms in the cross-ﬁlm direction. The displacement thickness, δt and
the momentum thickness, Θt, in Eqn. 2.12 can be calculated once the velocity
proﬁle in the cross-ﬁlm direction has been chosen [15].
The third term in Eqn. 2.10 is the pressure term and it accounts for the
gas pressure as well as the pressure generated due to droplet impingement and
splashing. The fourth term in Eqn. 2.10 accounts for the gravity eﬀect in liquid
ﬁlm ﬂow and becomes signiﬁcant when the ﬁlm is ﬂowing over an inclined or
vertical surface. Fifth term in Eqn. 2.10 takes care of addition of tangential
momentum to the liquid ﬁlm due to droplet impingement and splashing. Finally,
the sixth term in Eqn. 2.10 is the viscous ﬁlm term and accounts for the shear
forces acting on the ﬂuid ﬁlm at the wall and at the ﬂuid-gas boundary. Seventh
term in Eqn. 2.10 is relevant only for internal combustion engines and hence not
discussed as a part of this study.
Stanton et al. [15] developed and implemented the ﬂuid ﬁlm model in order to
study the drop interaction process, impingement regimes and post-impingement
behavior. The mathematical model was implemented in a KIVA-II computer code.
Experimental data from previous studies was utilized to validate the ﬂuid ﬁlm
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model. Figure 4.11 shows the variety of information that can be extracted from a
model of this framework including, spray characteristics, ﬂuid ﬁlm thickness, and
amount of fuel adhered to the impact surface.
(a) (b)
(c) (d)
Figure 2.42: Flat plate impingement comparison for: (a) spray radius; (b) spray
height; (c) mean ﬁlm thickness; and (d) ratio of attached ﬂuid [15]
Hoyne et al. [21] developed an analytical 3D thin ﬂuid ﬁlm model, for the ACF
spray system, based on the Navier-Stokes equations for mass and momentum,
in order to characterize the thin ﬂuid ﬁlm that is formed by impinging droplets
when the ACF spray system is used for turning operations. The thin ﬂuid ﬁlm was
characterized, in terms of thickness and velocity for a set of ACF spray param-
eters. The mathematical model was simulated using a MATLAB script and the
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numerical values of ﬁlm thickness and ﬁlm velocity at diﬀerent locations from the
point of impact was validated by comparing them to experimental values. Figure
4.12 shows the predicted ﬁlm velocity proﬁle for an impingement angle of 35◦at
various distances from the impingement point (DIP) and various perpendicular
oﬀset distances (POD).
Figure 2.43: Fluid ﬁlm velocity at 9.6 ms for impingiment angle of 35◦[21]
The model developed by [21], is instrumental in explaining the cooling and
lubrication mechanism at the tool-chip interface because of the ﬂuid ﬁlm formed
by an ACF spray system during turning operations.
Although numerical models based on the conservation equations of mass and
momentum are widely used and oﬀers great amount of ﬂexibility, several other
ﬂuid ﬁlm modeling methods have been proposed in the literature. Kalantari et al.
[22] developed a new empirical model, based on data obtained after conducting
an experimental study of spray impact onto horizontal ﬂat and rigid surfaces, to
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correlate average ﬂuid ﬁlm thickness to parameters of the impacting spray, namely,
normal and tangential component of impact velocity, volume-averaged diameter
of impacting droplets (d30b), dynamic viscosity of liquid used in spray and also
the boundary condition of the target; average target surface roughness and target
size and shape. The empirical spray impact model takes into account the presence
and inﬂuence of an accumulated wall ﬁlm. Also, the model is accurate as it is
based on mean statistics over many events and not on the outcome of single
drop impact experiments.The model developed by Kalantari et al [22] is valid
for Weber number range of 10<We<160, for which the impinging droplets are
in the spreading regime. Figure 2.44 shows the comparison between the ﬁlm
thickness values obtained using experiments and empirical model, for diﬀerent
impact Reynolds number (Renb).
Figure 2.44: Variation of the average ﬁlm thickness with the impact Re-number
[22]
Mundo et al. [81] developed a droplet-wall impingement model to calculate
near-wall polydisperse spray ﬂows. The gas phase of the spray was modeled using
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the Eulerian approach where as the droplets were modeled using the Lagrangian
approach. The model could evaluate the maximum ﬁlm thickness height if all
of the impinging droplets are deposited by assuming a fully developed, steady-
state ﬁlm ﬂow under gravity, neglecting shear forces due to air ﬂow on the ﬁlm
surface. Mundo et al. [81] formulated a mass conservation equation to calculate
the maximum ﬁlm thickness height by numerical integration of the equation. This
model has many limitation including the inability to predict the ﬂuid ﬁlm velocity,
the exclusion of surface tension, and the exclusion of droplet-droplet interactions.
Furthermore, the ﬁlm thickness model only oﬀers a one-dimensional representation
of the ﬂuid ﬁlm, as it only predicts the maximum ﬁlm thickness height.
2.6.1.2 Rotating surface
In literature it was found that only a few studies being conducted to model the
interaction between the droplets coming out of the spray and a rotating surface.
Such a scenario is encountered when sprays are used in machining operations such
as milling, grinding and drilling.
Boughner et al. [23] prepared a 2D probabilistic model to study the character-
istic of microﬁlm formed on a rotating cylindrical surface, and studied the eﬀect
that the variation of system parameters would have on the ﬁlm formation for
an Atomization-based cooling system. Parameters investigated in the model were
ﬂuid and mist properties (surface tension and droplet size) and system parameters
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(a) (b)
Figure 2.45: Film thickness variation with (a) tube air velocity (b) droplet
velocity [23]
(delivery tube air velocity, spray air velocity, spray geometry, cylinder diameter
and cylinder rotational velocities). The response provided by the model were the
time to creation of a continuous microﬁlm on the cylinder surface and thickness
of that ﬁlm with respect to time.
Figure 2.45(a) shows the ﬁlm thickness as a function of air tube velocity. It was
observed that, for a given surface velocity, the ﬁlm thickness reaches a maximum
value for tube air velocity at 8 m/s and 9 m/s, when mean droplet size is 7.8
µm, and ﬁlm thickness then decreases if the tube air velocity either increases or
decreases beyond this range. This observation was explained by the fact that the
Weber number of droplets are within the most favorable range for ﬁlm formation
when the tube velocities vary between 8 and 9 m/sec, however anything beyond
this range lead to either splashing or sticking of droplets, which is not favorable
for ﬁlm formation. Figure 2.45(b) shows the eﬀect of droplet velocity on the ﬁlm
thickness. It was observed that with the increase in droplet velocity the steady
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state ﬁlm thickness decreases. The above observation was explained on the basis
of increased evaporation rate,as a result of high droplet velocities. Although the
model is quite informative, there are a few shortcomings. First, the model is 1D
and as such neglects the ﬁlm dynamics in other spatial directions, which could lead
to accumulation of errors. Second, the model utilizes empirical data that has been
generated by [82] and as such the model is restricted in its application. Third, the
model does not take into account the presence of a previously accumulated ﬂuid
ﬁlm on the rotating surface and as such is unable to account for the dynamics of
droplets impinging on a ﬂuid ﬁlm.
Duchosal et al. [24] studied the oil mist behavior and ﬂuid ﬁlm formation on a
smooth surface. The surface was a part of the inner channels of the milling tool.
The simulations were performed using STAR CCM+ and complex models such
as motion reference frame, langrangian particle tracking in a eulerian continuous
phase and a special wall interaction model were used. The most important re-
sponse of the model was the variation of the liquid ﬁlm imprint on the ﬂat surface,
as the system parameters were varied.
Duchosal et al. [24] studied the eﬀect of variation of rotational velocity and inlet
pressure of MQL jet on the imprints created by the oil mist on the tool. Figure 4.2
shows the variation in the imprints for diﬀerent inlet pressure for a tool rotating
at 15, 000 rpm. To predict the time over which the imprint area becomes uniform,
0.3 µm ﬁlm thickness criteria was selected. The impingement analyses predicted
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Figure 2.46: Illustrations of the imprints of the liquid ﬁlm at 15,000 rpm for (a)
0.3, (b) 0.77 and (c) 1 bar inlet for 45◦oriented channels [24]
better lubrication when high inlet pressure were used, especially in high speed
machining.
2.6.2 Lubrication models
The liquid ﬁlm formed due to impingement of the droplets on a stationary or
rotating surface not only leads to eﬀective cooling of an heated surface but its
presence between two sliding surfaces can reduce the friction between the two
surfaces. Fluid ﬁlm lubrication is well studied and characterized for diﬀerent
types of bearings. However, the literature available on lubrication mechanisms and
models, when a spray based system is used in machining, is quite limited.
Machado et al. [25] conducted experiments to investigate the eﬀect of apply-
ing water and soluble oil along with compressed air stream, in an attempt to
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reduce the cutting ﬂuid consumption that is associated with using conventional
ﬂood cooling. Machado et al. [25] in their study have concluded that the type
of lubrication encountered in traditional metal cutting is unlikely to be hydrody-
namic lubrication, which is often found in bearings, because in bearings the load
is supported by a ﬁlm of lubricant that is formed as a result of dragging of the
ﬂuid ﬁlm into a tapered gap. However, this situation is unlikely to be found in
metal cutting because the chip ﬂow will move the ﬁlm of lubricant away from the
area where it is required, as shown in Fig. 2.47. Hence the type of lubrication
encountered in metal cutting could likely be boundary or elastohydrodynamic
lubrication, depending on the lubricant ﬁlm thickness.
Figure 2.47: Showing the unlikely occurrence of hydrodynamic lubrication [25]
Han et al. [83] used water vapor as a coolant and lubricant for machining and
based on experimental observations concluded that, water vapor possesses better
lubricating action, as as compared to other cutting ﬂuid application systems, be-
cause of the excellent penetration capability and the low lubrication layer shearing
strength of water vapor that helps in reduction if the cutting forces. Han et al. [83]
in their study proposed that the water vapor accesses the cutting zone through
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capillary action, which is contrary to the mechanism suggested by Machado et al.
[25], wherein the formation of a barrier layer at the tool chip interface has been
attributed as the lubricating mechanism.
As stated earlier, the presence of a thin viscous ﬂuid ﬁlm between two surfaces
can result in the reduction of friction as one surface slides over the other. However,
in such a situation the liquid ﬁlm thickness inﬂuences the pressure diﬀerences be-
tween the two surfaces that is instrumental in keeping the surfaces apart. Langolis
et al. [84] made an attempt to study the relationship between the thickness of
the liquid ﬁlm and the pressure force generated by it. They assumed a couette
ﬂow between two plates sliding over each other with a liquid ﬁlm in between, as
shown in Fig. 2.48 and derived the expression of lubrication force generated by
the liquid ﬁlm is given by,
f =
6µl2U
(h1 − h2)2 [ln(
h1
h2
)− 2(h1 − h2
h1 + h2
)], (2.13)
where, h1, h1, l are shown in Fig. 4.20, and U is the velocity of the sliding
surface.
Ghai et al. [26] developed a lubrication model, by modifying the model frame-
work of Langolis et al. [84], to study the lubrication performance of the ACF
based spray system in micro-machining processes. The magnitude of lubrication
force generated by a single droplet was given by:
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where,us is the surface velocity, h is the droplet height, d1 and d2 denote the
major and the minor axes of the droplet in its top-view, respectively, at the end
of the spreading phase, as shown in Fig. 2.49. The magnitude of lubrication force
denotes the extent to which the droplet is able to reduce the friction in the cutting
zone. High lubrication force denotes large reduction in friction, which would lead
to lower values of cutting forces. Hence, Ghai et al. [26] concluded that higher
spreading of droplets, lead to greater lubrication forces.
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Figure 2.49: Water droplet at the end of the spreading phase [26]
2.7 Gaps in knowledge
Survey of the previous literature, shows that the atomization-based cutting ﬂuid
(ACF) spray system has been proven to eﬀectively cool and lubricate the cut-
ting zone during micro-machining and macro-scale turning of Ti-6Al-4V, leading
to signiﬁcant improvement in machinability of titanium alloys, while consuming
signiﬁcantly less amount of cutting ﬂuid as compared to ﬂood cooling. While the
ACF spray system has been shown to be productive for certain types of machin-
ing operations, there is a lack of experimental or numerical study to evaluate the
eﬃcacy of the ACF spray system for machining operations that are not in the
micro-scale range or are diﬀerent from macro-scale turning, like milling.
First, there is a lack of experimental investigations conducted to compare the
machinability performance of the ACF spray system to that of other cutting ﬂuid
application methods, viz., dry cutting and ﬂood cooling. Even though Nath et
al. [9] compared the machinability of of macro-scale turning of titanium alloy
for diﬀerent cutting ﬂuid application methods, namely, ﬂood cooling and ACF
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spray system, the conclusions drawn from that analysis could not be directly
applied to milling. There are three main challenges unique to milling; First, the
droplet impingement dynamics gets aﬀected by the presence of a rotating milling
tool and it would not be that same as it were for a stationary tool, Second,
the ﬂuid ﬁlm formed on the milling tool would be non-uniform with variable
momentum and it would be quite challenging to achieve ﬂuid ﬁlm penetration at
the tool-chip interface all throughout the time the cutting edge of tool is engaged
with the work piece, Third, milling is an intermittent cutting process that gets
aﬀected by thermal shock caused by cutting ﬂuid, which is not the case for turning
operations
Second, there is a lack of experimental studies conducted to understand the
eﬀect of variation of the ACF spray parameters and machining conditions on the
machinability, when end-milling a titanium alloy. Although, Jun et al. [8] eval-
uated the ACF spray system for micro-milling operations, success of ACF spray
system in macro-scale milling is, however, not guaranteed because the cutting
interface that is generated during macro-scale milling, because of greater feed and
depth of cut, is larger than the one generated in micro-scale milling. As a result
the liquid ﬁlm can get completely evaporated before it reaches the entire tool-chip
interface [52].
Lastly, there is a lack of numerical study that has been done to model the
liquid ﬁlm formation by impinging droplets, from a spray, on a rotating surface.
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Such a model could be useful to evaluate characteristics of ﬂuid ﬁlm formed by
diﬀerent combinations of spray parameters. Experimental and numerical studies
conducted in the past [82] deal with single droplet impingement on a rotating
surface and the knowledge gained thereof can not be directly applied to study




The atomization-based cutting ﬂuid (ACF) spray system has recently been shown
to cool and lubricate the cutting zone during macro-scale turning of Ti-6Al-4V,
leading to signiﬁcant improvement in machinability of titanium alloys. However,
the eﬃcacy of the ACF spray system is yet to be tested for other machining
operations that are diﬀerent from turning, like milling. The droplet impingement
dynamics in milling are diﬀerent than that in turning because of the presence of
a rotating cutting tool as opposed to a stationary single point cutting tool found
in turning. Also, milling is an intermittent cutting process that gets aﬀected by
thermal shock caused by cutting ﬂuid.
The objective of this chapter is to experimentally evaluate the eﬀectiveness of
the ACF spray system in end-milling of a titanium alloy, Ti-6Al-4V. Experiments
have been conducted in two phases. During ﬁrst phase, experiments are conducted
to study various combinations of spray parameters that aﬀect the machinability
of Ti-6Al-4V and select the one that has the least cutting forces. In the second
phase, machining experiments are conducted, using the spray parameters selected
in phase 1, to assess the machinability of titanium alloy for diﬀerent cutting ﬂuid
81
application methods,viz., ACF system, ﬂood cooling and dry cutting, and evaluate
the eﬀectiveness of ACF spray system for diﬀerent machining conditions.
Section 3.1 contains the description of the ACF spray unit that is used for
milling operations. This section also draws attention towards the important ACF
spray parameters that could potentially aﬀect the functionality of the ACF spray
system in macro end-milling. Section 3.2 presents the experimental setup and
design, followed by a presentation of the experimental results and analysis in
section 3.3. Chapter's summary is presented in section 3.4
3.1 ACF spray unit layout in milling setup
The ACF spray system unit used during milling of Ti-6Al-4V is shown in Fig.3.1
[27]. The system consists of: (i) an ultrasonic-based atomizer; (ii) cutting ﬂuid
reservoir with a delivery tube; (iii) nozzle unit consisting coaxially-assembled outer
droplet and inner gas nozzles; and (iv) high-pressure gas delivery tube for the
nozzle-spray unit. The ultrasonic atomizer used for this study is of the type of
NS130K50S316, which vibrates at a frequency of 130 kHz and generates atomized
droplets having mean diameter of 11.8 µm. Once the ﬂuid is atomized, the micro-
size droplets move forward through the outer droplet nozzle. The high-velocity
gas ﬂowing through the gas nozzle entrains these droplets to produce a focused
axisymmetric spray jet that is employed in the cutting zone during machining.
The exit diameters of the droplet nozzle and the high-velocity gas nozzle are
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designed to be 18.8 mm and 1.6 mm, respectively. Both nozzles are considered to
have a convergence slope of 40◦and 0.750◦, respectively, and the gas nozzle was
placed 5 mm inside the droplet nozzle exit point in order to avoid divergence of
droplets [9].
Figure 3.1: Photograph of the ACF spray unit [27]
For eﬀective removal of heat from the machining zone, it is crucial that the
droplets are able to access the tool-chip and tool-workpiece interfaces. The size of
droplets (10-50 µm) being smaller than the tool-chip contact area in macro-scale
machining [9], ensures that the droplets are uniformly able to wet the cutting area
and form a thin liquid ﬁlm on the cutting tool for eﬀective cooling and lubrication
of the cutting edges.
The behavior of droplets upon impinging a surface, depends on four speciﬁc
spray parameters, viz., inlet pressure level of droplet carrier gas, ﬂuid ﬂow rate,
droplet impingement angle (θ), and spray distance [9]. The interplay of these pa-
rameters, inﬂuences the characteristics of the liquid ﬁlm, formed by the impinging
droplets, which in turn aﬀects the quality of cooling and lubrication of the cut-
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ting zone. The relationship of the above mentioned speciﬁc spray parameters to
a milling tool is schematically shown in Fig. 3.2.
Figure 3.2: ACF spray system in milling setup
In the ACF spray system, the cutting ﬂuid is supplied to the atomizer through
a delivery tube and the ﬂow rate of the delivered cutting ﬂuid is ﬁxed in the range
of 8-9 ml/min. The droplet carrier gas used for this study is a mixture of air
and carbon dioxide (CO2). The primary reason for using CO2 in the mixture is
that when it is delivered from a pressurized cylinder it cools down to signiﬁcantly
lower temperatures of −1 ◦C for 9 psi and −3 ◦C for 15 psi. When CO2 under
such conditions is mixed with air, the mixture attains a temperature in the range
of 8-10 ◦C and this low temperature is eﬀective in cooling the cutting zone. One
could argue that the temperature could be reduced further by using only CO2
as a droplet carrier gas, however in such a situation the temperature of the gas
would be below 0 ◦C and this would lead to the freezing of the cutting ﬂuid that
is composed of 90% of water by volume.
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3.2 Experimental setup and procedures
A CNC milling machine (OKUMA MC-4VAE) was used for milling experiments.
The ACF spray unit was mounted on a metallic frame, as shown in Fig. 3.3, which
was attached to the vertical head of the milling machine. The supporting metallic
frame not only allowed easy mounting of the ACF spray unit but also allowed the
experimenter to change the position of the ACF spray unit with respect to the
end mill tool in a precise and repeatable manner.
Figure 3.3: Experimental setup of the ACF spray unit
The relative position of the ACF spray unit with respect to tool feed direction
is an important parameter, especially for the case when only one set of nozzle
is used. Depicted in Fig. 3.4 are the three possible angular positions, denoted
by α, in which the spray unit could be placed. Placing the spray unit at any
angle greater than 180◦ would not be preferred because in such an orientation the
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atomized droplets coming out of the atomizer would ﬁnd it diﬃcult to access the
cutting zone because of the hindrance provided by the uncut work piece material.
For conducting the experiments, an angle of 135◦ for the ACF spray unit was
preferred over that of 45◦ because Lacalle et al. [3] reported that at an angle
of 45◦, the cutting ﬂuid is not able to penetrate completely in the tool edges
because of the interference produced between the cooling jet and the ﬂying metal
chips that are generated during the machining process. For the present study the
value of impingement angle (θ), as shown in Fig. 3.2, was ﬁxed at 30◦ for all the
experiments.
Figure 3.4: Position of ACF spray unit in relation to feed direction
A slab of Ti-6Al-4V having a cross-sectional area of 7200 mm2 and height of
120 mm is used for milling experiments. The tool is an uncoated carbide end mill
and the geometry is set as follows: four ﬂutes, 10 mm mill diameter, and 30◦ helix
angle. National Instrument data acquisition system (SCB-68), integrated with
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the LabVIEW software is used to capture cutting force data from the Kistler 3-
component force dynamometer (type 9265B), at a sampling frequency of 20 kHz.
The cutting force values reported here are average peak-to-valley forces for 100
revolutions of machining. Water soluble cutting ﬂuid S-1001 at 10% dilution is
used as the cutting ﬂuid. The thermo-physical properties of water and 10% S-1001
are presented in Table 3.1. The mixture of water and cutting ﬂuid is prepared
keeping in mind that a cutting ﬂuid with high viscosity and low surface tension
is preferable for better lubricity[26].








Water 72 1000 1.01 0.58
10% S-1001 41 1003 1.22 0.53
First phase of experiments are conducted to study the eﬀect of spray parameters
on the cutting forces. The spray parameters that are varied in this study are spray
distance and the inlet pressure of the droplet carrier gas. The spray distance is
varied by adjusting the position of the ACF spray unit on the metallic frame. The
pressure level of the droplet carrier gas is controlled by individually regulating
the pressure of air and CO2. The velocity of the droplet carrier gas at diﬀerent
distances from the gas nozzle is measured by a pitot-static tube (type PSA-"a")
[85].
A 22 full factorial design is used to access the diﬀerent combinations of spray pa-
rameters and the diﬀerent levels of these spray parameters are shown in Table 3.2.
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Table 3.2: Values of diﬀerent non-dimensional numbers at given ACF spray
conditions









T1 30 40 9 27 23 160 2.2 49.3
T2 30 60 9 14 12 39 1.15 21.7
T3 30 40 15 33 30.3 269 2.8 56.8
T4 30 60 15 25 21.6 137 2.05 44.8
The values of the droplet carrier gas velocity, (ug), at the end-mill tool for diﬀer-
ent combinations of spray distance and pressure level are also shown in Table 3.2.
In order to ensure that the selected spray parameters would produce droplets in
the spreading regime, the non-dimensional numbers, viz., We, Ky and Km are cal-
culated. For calculating the non-dimensional numbers, normal gas velocity (uo),
which is the component of ug perpendicular to the end-mill tool axis, is required
and it is obtained by taking the product of ug with the cosine of the droplet im-
pingement angle (θ). As can be seen from these non-dimensional numbers, the
impinging droplets on the end-mill tool would be in the spreading regime (We>10,
Km <57.7 and Ky<17). For each combination of spray parameters mentioned in
Table 3.2, a new tool is used to end-mill titanium alloy for a single pass, having a
length of 150 mm. Machining conditions for these experiments are: spindle speed
1500 RPM, ADOC 0.5 mm, RDOC 2 mm and feed/tooth (f) 0.1 mm/tooth. Each
experiment is repeated three times and average peak-to-valley cutting forces of
these three trials are calculated.
In phase 2, the experiments are conducted at diﬀerent machining conditions,
M1-M4, as shown in Table 3.3 and the machinability is measured in terms of
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Table 3.3: Experimental machining parameters
M1 M2 M3 M4
Spindle Speed [RPM] 1500 1500 1500 1500
Axial Depth of Cut [mm] (ADOC) 0.5 1 0.5 1
Radial Depth of Cut [mm] (RDOC) 2 2 2 2
Feed/Tooth [mm/tooth] (FR) 0.1 0.1 0.14 0.14
cutting forces and surface roughness. Note that the machining condition, M1
corresponds to the least and M4 the highest material removal rate among the four
sets of machining conditions. The cutting forces reported in these experiments are
peak-to-valley forces obtained after averaging over 100 revolutions of machining
at an instance of time. The force proﬁle observed, when end-milling a material
with a tool having four ﬂutes, for two rotations of the tool is shown in Fig. 3.5.
From the ﬁgure it can be observed that the force plots are periodic and the forces
in feed and cross-feed directions are greater than those in Z direction. Similar
force proﬁles are observed for all the experiments performed in this study. The
tool failure criteria are determined by ISO 8688-2 [86]: (1) average ﬂank wear =
0.3 mm (average of all cutting edges), (2) maximum ﬂank wear = 0.5 mm (on any
of the cutting edges), (3) chipping/ﬂaking or fracture of any of the cutting edges.
For all the experiments, during the initial stages of machining, the end mill tool
was removed from the milling machine at intervals after cutting a length of 1.8
m and then later on at intervals of 0.4 m to observe the progress of ﬂank wear
until the tool failed. Using the Quadra-Check 300 optical microscope, the total
ﬂank wear is measured and photographs of the tool ﬂank faces are taken. Average
and maximum surface roughness (Ra) and (Rz), respectively, are measured for
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the machined surface using a portable surface roughness tester, SR100, having a
cutoﬀ length of 0.76 mm. Surface roughness measurements are ﬁrst made after
cutting 0.9 m (6 passes) and then at intervals of 0.6 m, until the tool failed.
3.3 Experimental results and analysis
3.3.1 Experiments to select spray parameters
Table 3.4 lists the results of cutting forces for four diﬀerent combinations of the
spray parameters, each of these combinations is referred to as Ti, where the range
of i is from 1 to 4, for the rest of the thesis. Figure 3.6 shows the cutting force
variation for four spray conditions.
Table 3.4: Experimental results for diﬀerent combinations of spray conditions
Test x1[mm] x2[psi]
Cutting Forces [N]









T1 40 9 116 67 117 68 116 67 116.3 67.3
T2 60 9 123 71 123 71 123 71 123 71
T3 40 15 127 73 128 74 126 71 127 72.6
T4 60 15 118 68 119 69 119 69 118.6 68.6
As seen in Fig. 3.6, the cutting forces for T1 and T4 spray conditions are
lower than that for T2 and T3. A possible reason is that droplets impinging
under T2 conditions have an impingement velocity of 14 m/sec, which is lower
than the other three conditions and could lead to the formation of a thick liquid
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(a) Force in feed direction
















(b) Force in cross-feed direction













(c) Force in Z direction
Figure 3.5: Variation of cutting forces when machining with M1 machining
condition and using the ACF spray system
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Figure 3.6: Variation of cutting forces for diﬀerent combinations of spray
conditions
ﬁlm, spreading with a low momentum, preventing it from eﬀectively accessing the
small gap between the tool and chip. This would lead to higher temperatures and
friction at the tool chip interface. On the other hand droplets under T3 conditions
have Km value of 56.8, which borders with the critical Km value of 57.7 and as
such some of the impinging droplets might have splashed. For droplet conditions
under T1 and T4, the diﬀerence in cutting forces are not signiﬁcant. Hence,
further machining tests are performed for conditions under tests T1 and T4 up
until a time when appreciable diﬀerence in cutting forces are seen. As observed
from Fig. 3.7 (a) and (b), the cutting forces for spray condition T4 after 180 cm
of cut is slightly lower than for the spray condition T1. A possible reason for
this trend is that droplets impinging under T1 conditions have a droplet velocity
of 27 m/sec which is slightly higher than the droplet velocity of 25 m/sec under
T4 conditions. Fluid ﬁlm thickness formed by droplets upon striking a surface
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depends on the impact velocity of the droplet and higher velocity would lead
to formation of a liquid ﬁlm having thickness less than that formed by droplets
having lower impact velocity [82]. As machining progresses the temperature of
the cutting zone also increases and thin liquid ﬁlm could evaporate even before it
reaches the cutting edge where as, a thicker ﬂuid ﬁlm would be able to provide
eﬀective lubrication and cooling in the cutting zone, which would lead to lower
cutting forces[9]. Hence, in this study a combination of spray parameters under
T4 is selected to evaluate the machinability of titanium alloys.
(a) Variation of cutting force in feed
direction
(b) Variation of cutting force in
cross-feed direction
Figure 3.7: Variation of cutting forces
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3.3.2 Experiments to evaluate the machinability of titanium alloy
in milling using the ACF spray system
3.3.2.1 Tool life
In an attempt to quantify ﬂank wear, the maximum ﬂank wear land width is
constantly monitored. Figure 3.8 illustrates the progress of tool ﬂank wear with
machining for diﬀerent cutting ﬂuid application methods and machining condi-
tions. Under both machining conditions, M1 and M4, the ACF spray system
extends the tool life by 75% and 33.8% over ﬂood cooling, respectively. Thus an
increase in tool life, as high as 75%, can be achieved using the ACF spray system
as compared to other methods of cutting ﬂuid application.
(a) Machining condition, M1
(b) Machining condition, M4
Figure 3.8: Wear progress of the tool ﬂank with machining for diﬀerent cutting
ﬂuid application methods
The reason for longer tool life in machining titanium alloy using the ACF spray
system could be given as follows. In the ACF spray system, the droplet carrier
gas accelerates and imparts momentum to the micro−sized droplets, generated
by the atomizer, because of which the droplets are able to penetrate the tool/chip
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and tool/workpiece interface and form a thin liquid ﬁlm upon impacting the sur-
faces. As a result, Sulphur, an additive in 10% S-1001, chemically reacts with
the freshly generated metal surfaces of the chip to produce a metallic sulﬁde ﬁlm
that has lower shear strength than the chip material, thus reducing friction, and
which further leads to a reduction in cutting forces and temperature in the cut-
ting zone [87]. Thin liquid ﬁlm is able to remove heat from the cutting zone by
evaporative cooling whereas the low temperature and high velocity of the droplet
carrier gas provides forced convective cooling of the cutting zone. The combined
action of these two cooling mechanisms lowers the temperature of the cutting
zone signiﬁcantly. Dry cutting oﬀers the least amount of tool life among the cut-
ting ﬂuid application methods evaluated in this study and fails after 4.1 min of
machining.
3.3.2.2 Tool wear
Figures 3.9−3.13 show the tool ﬂank wear for two out of the four diametrically
opposite ﬂutes of the end mill at the time of tool failure. It is seen that maxi-
mum ﬂank wear that occurs at the nose is the controlling factor of tool life for
the diﬀerent machining conditions. Figures 3.9 and 3.12 show that with the ap-
plication of the ACF spray system, the tool wear is uniform, without any abrupt
chipping and notch formation, and the presence of groove on the ﬂank face and
shiny ﬂank wear are indicative of the attritional wear mechanism, which takes
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place when the cutting zone temperature is not very high [88]. Attritional wear
leads to uniform wear of both the carbide particles and binder material in the
tool. Figures 3.11 and 3.13 show that tool fails catastrophically by cutting edge
chipping and notch formation when ﬂood cooling cutting condition is used. Pre-
dominant wear mechanism for such type of wear is abrasion, which takes place at
high cutting temperatures. During abrasive wear, the high temperatures at the
cutting zone increases the wear rate of binder material in tool as compared to the
carbide particle. As a result the carbide particles keep sticking out of the tool.
Edge chipping and notch wear indicate that conventional ﬂood cooling is capable
of cooling the tool and the workpiece in bulk but is not able to eﬀectively cool
and lubricate at the chip-tool and tool-workpiece interfaces, where the temper-
ature is high, because of lack of penetration capabilities of cutting ﬂuid in the
cutting zone. Figure 3.10 shows that under dry cutting conditions the tool fails
catastrophically because of excessive chipping of the ﬂank surface. The signiﬁcant
discoloration of the ﬂank surface of the tool is indicative of the presence of high
temperatures near the cutting zone that lead to oxidation of the ﬂank surface and
plastic deformation of the tool. The tool failure in dry cutting is by excessive
chipping of ﬂank face, due to intense temperatures experienced at the cutting
zone, as shown in Fig. 3.10(a).
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(a) Flute 1 (b) Flute 2
Figure 3.9: Tool ﬂank face when machining at M1 and using the ACF spray
system
(a) Flute 1 (b) Flute 2
Figure 3.10: Tool ﬂank face when machining at M1 and using dry cutting
conditions
(a) Flute 1 (b) Flute 2
Figure 3.11: Tool ﬂank face when machining at M1 and using ﬂood cooling
(a) Flute 1 (b) Flute 2
Figure 3.12: Tool ﬂank face when machining at M4 and using the ACF spray
system
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(a) Flute 1 (b) Flute 2
Figure 3.13: Tool ﬂank face when machining at M4 and using ﬂood cooling
3.3.2.3 Chip morphology
Further evidence of greater cooling capability of the ACF spray system over ﬂood
cooling can be found by studying the chips that are collected during end-milling
titanium alloy using either of these two cutting ﬂuid application methods are used.
Figure 3.14(b) and 3.15(b) show the collected chips for machining conditions,
M1 and M4. For machining condition M1, the chips collected while using ACF
spray system have an average length of 3 mm and thickness of 0.18 mm, whereas
those collected under ﬂood cooling condition have an average length of 5 mm and
thickness of 0.17 mm. For machining condition M4, the chips collected while using
ACF spray system have an average length of 4.3 mm and thickness of 0.34 mm,
whereas those collected under ﬂood cooling condition have an average length of 6
mm and thickness of 0.38 mm. Hence, it can be concluded that the chips produced
when machining with the ACF spray system are shorter in length as compared
to chips that are generated using ﬂood cooling. A possible reason for such chip
morphology is that the usage of ACF spray system leads to the production of
broken chips, due to the increase in brittleness of the produced chips as a result
of excellent cooling capabilities of the ACF spray system [9]. Flood cooling does
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not provide eﬀective cooling in the cutting zone and as a result the brittleness of
the chips does not increase, which leads to higher chip lengths for ﬂood cooling
as compared to the ACF spray system.
(a) ACF spray system (b) Flood cooling
Figure 3.14: Chip morphology when machining at M1
(a) ACF spray system (b) Flood cooling
Figure 3.15: Chip morphology when machining at M4
3.3.2.4 Tool life with the ACF system in the absence of CO2 in the carrier
gas
It is believed that the presence of CO2 in the droplet carrier gas of the ACF spray
system further helps in reducing the thermal shock experienced by the cutting
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edges in milling due to its intermittent cutting nature. In order to evaluate the
eﬀect of presence of CO2 in the gas mixture of the ACF spray system on the tool
life, experiments are conducted with and without CO2 (only air in the droplet
carrier gas). Figure 3.16 shows the average ﬂank wear, when machining with M1
and using the ACF spray system, with and without the presence of CO2 in the
carrier gas. It is seen from Fig. 3.16 that the tool life is 33% lesser than what
would have been obtained had CO2 been present in the gas mixture. It can also
be seen from Fig.3.17 that the absence of CO2 and presence of only air in the
droplet carrier gas has the undesirable eﬀect of chipping of cutting edges due
to the presence of high temperatures in the cutting zone that increases the tool
abrasion. Note that, even in the absence of CO2 from the gas mixture, the tool
life is 17% more as compared to ﬂood cooling because of eﬀective penetration
capabilities of atomized droplets in the cutting zone.
Figure 3.16: Wear progress of the tool ﬂank with machining for diﬀerent cutting
ﬂuid application methods
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(a) Flute 1 (b) Flute 2
Figure 3.17: Tool ﬂank face when machining at M1 and using the ACF spray
system no CO2
3.3.2.5 Cutting force
Figure 3.18(a)−(c) shows the cutting forces when end-milling a titanium alloy
using machining condition M1. Note that the ﬁrst cutting force data has been
recorded at 0.25 min from the start of machining. As seen from the Fig. 3.18,
the cutting forces using the ACF spray system are generally lower than the other
cutting ﬂuid application methods. However, except for dry cutting, where the rise
in cutting forces are steep, for all the other cutting ﬂuid application methods the
cutting forces for the ﬁrst three minutes are almost the same. A possible reason
is that during the initial stages of machining the temperature rise in the tool-
workpiece and tool-chip interaction zones are small because of sharp cutting edges
of the tool and cooling and lubrication provided by the cutting ﬂuid. However,
with increase in time the tool wears out and the temperature rise and friction in
the cutting zone become signiﬁcant leading to higher cutting forces. The ACF
spray system is able to provide the most eﬀective cooling and lubrication, which











Figure 3.19: Variation of cutting forces for diﬀerent machining conditions with
the ACF spray system
Figure 3.19 (a)-(c) shows the variation of cutting force components for diﬀerent
machining conditions, M1-M4. For a given value of feed/tooth, the variation in
axial depth of cut (ADOC) does not aﬀect the rate of increase in cutting forces
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signiﬁcantly. On the other hand for the same ADOC (machining conditions, M1
and M3 or M2 and M4) the variation in feed rate signiﬁcantly aﬀects the rate at
which the cutting forces increase with time. Consequently, the rate of increase in
cutting forces is higher with the increase in feed rate than by an increase in ADOC
alone. A possible reason is that with the change in ADOC, for a given feed rate,
the part of the tool that gets engaged with the workpiece has a liquid ﬁlm formed
over it by the spreading of impinging droplets that is suﬃcient for cooling and
lubrication. On the other hand, for a given ADOC, when the feed rate is high, the
cutting zone experiences higher temperatures, due to larger chip load, than what
it would be for lower feed rates. The thickness of the liquid ﬁlm formed on the
tool might not be suﬃcient and it would evaporate, owing to high temperatures,
even when the cutting edge is engaged with the tool. As a result the cooling and
lubrication is not eﬀective in this situation, leading to higher cutting forces and
tool wear.
3.3.2.6 Surface roughness
Figure 3.20 (a)-(b) shows the quality of the machined surface, in terms of average
and maximum surface roughness for diﬀerent cutting ﬂuid application methods.
Figure 3.20 shows that the surface roughness obtained when using ﬂood cool-
ing and ACF system are almost comparable for the ﬁrst 7.5 min of machining.
However, after that time, the surface quality of the machined surface deteriorates
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rapidly for ﬂood cooling as compared to that of ACF spray system. Under dry
cutting conditions the cutting edges experience intensive stresses and tempera-
tures that accelerate the rate of ﬂank wear, as seen in Fig. 3.8(a), leading to
catastrophic failure of tool, resulting in higher values of surface roughness. A
probable cause of diﬀerence between the surface ﬁnish obtained by ACF spray
system and ﬂood cooling is that the application of latter method eventually leads
to notch formation on the cutting edges, as seen in Fig. 3.11, which leads to a
sudden increase in surface roughness, whereas the application of ACF spray sys-
tem leads to lower and steady ﬂank wear, as seen in Fig. 3.8(a). As a result the
surface roughness increases slowly with time for the ACF spray system.
Figure 3.21(a) shows the average surface roughness obtained using ACF spray
system for four diﬀerent machining conditions. It is observed that similar to
cutting forces, the average and maximum surface roughness are also dependent
upon the machining conditions, especially, the feed rate plays a signiﬁcant role as
compared to ADOC in determining the surface ﬁnish.
(a) (b)
Figure 3.20: (a) Average (b) maximum surface roughness values for diﬀerent
cutting ﬂuid application method and M1 machining condition
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(a) (b)
Figure 3.21: (a) Average (b) maximum surface roughness values for diﬀerent
machining conditions with the ACF system
3.4 Chapter summary
In this chapter an atomization-based cutting ﬂuid spray system has been evaluated
for end-milling of titanium alloy, Ti-6Al-4V. Experiments were conducted to not
only study the impact that the variation of speciﬁc ACF spray parameters has
on the measured cutting forces but also to compare the performance of an ACF
spray system to that of other cutting ﬂuid application methods, viz., ﬂood cooling
and dry cutting. Furthermore, the performance of ACF spray system has been
evaluated for diﬀerent machining conditions. In this study it is observed that the
ACF spray system is able to extend the tool life as high as 75% over ﬂood cooling
when the feed/tooth and axial depth of cut values are chosen as 0.1 mm/tooth
and 0.5 mm, respectively.
In the ACF spray system, CO2 is a part of droplet carrier gas and in this study
experiments have been designed to study the eﬀect of the presence CO2 on the
machinability when end-milling a alloy. It is observed that the presence of CO2 in
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the droplet carrier gas is responsible for cooling the cutting zone more eﬀectively in
milling than what could be achieved in its absence. As a result, tool life increases
by 50% when the droplet carrier gas is a mixture of air and CO2 as compared to
the case where droplet carrier gas has only air. Moreover it is noticed that the
ACF spray system even in the absence of CO2 from the gas mixture, can achieve
upto 17% more tool life as compared to ﬂood cooling.
Results of experiments that have been presented in this chapter show that when
ACF spray system is used, the cutting edges undergo uniform wear and the tool
does not fail catastrophically due to attritional wear caused by lower temperatures
of the cutting edges. On the other hand when dry and ﬂood cooling cutting
conditions are used, the tool wears out rapidly and undergoes catastrophic failure
because of chipping and notch formation on the tool ﬂank face. Superior cooling
and lubrication capabilities of the ACF spray system, due to thin ﬁlm formation
on the cutting edge, over other cutting methods is instrumental in reducing the
tool ﬂank wear and hence the cutting forces and surface ﬁnish.
Superior cooling capability of the ACF spray system over ﬂood cooling, is
demonstrated by studying the chip morphology. It is found that for a partic-
ular machining condition, the length of the chips generated with the ACF spray
system is shorter than those that are generated with ﬂood cooling. It is further ob-
served that the cutting forces and surface roughness increase more for an increase
in feed/tooth as compared to an increase in axial depth of cut alone.
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Chapter 4
Modeling of liquid ﬁlm formation
The reason behind the ACF spray system's ability to uniformly cool and lubri-
cate the cutting zone in micro-machining and macro-turning operations has been
attributed to the formation of a spreading thin liquid ﬁlm that successfully pen-
etrate into the tool-chip interface [8, 9]. Hence it is of paramount importance to
study the liquid ﬁlm formation by the ACF spray system. Hoyne et al. [21] devel-
oped an analytical three-dimensional (3D) thin ﬂuid ﬁlm model in order to gain
a physics-based understanding of liquid ﬁlm formation by the ACF spray system
during turning of titanium alloys. The objective of this chapter is to develop a
numerical model to study the liquid ﬁlm formation when the cutting ﬂuid droplets
from the ACF spray system impinge on a rotating surface, like milling, where the
tool rotates.
It is known that droplet impingement dynamics get aﬀected by the presence of
a rotating surface [26, 23]. Boughner et al. [23] developed a probabilistic model
to study the rate of micro-ﬁlm formation on a rotating cylindrical surface by an
ACF spray system. Nevertheless, the model has some limitations. First, the
model is two-dimensional (2D), which could aﬀect the spreading behavior and the
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simulated results may not accurately represent the actual solution. Second, the
droplets are assumed to be impinging on a dry surface, with a velocity equivalent
to that of the carrier gas. However, in the ACF spray system, after a certain period
of time, the droplet impingement takes place on a previously formed liquid ﬁlm
and the velocity of the impinging droplets are not equal to that of thee carrier gas.
Finally, the model neglects droplet interactions that could have an appreciable
impact on the prediction of ﬁlm characteristics by the numerical simulations.
Hence, there is a need to develop a model that would accurately simulate the ﬁlm
formation on a rotating surface and predict the ﬁlm characteristics.
This chapter is divided in to four sections. Section 4.1 presents the modeling
approach that is adopted to study ﬁlm formation by the ACF spray system on
a rotating surface. Section 4.2 contains a detailed description of the numerical
model, used to simulate the ACF spray, along with the results of experiments
that were conducted to validate the simulated results of the spray model. Perti-
nent information regarding the Eulerian Wall Film (EWF) model, which is used
to model the liquid ﬁlm formation on a rotating surface, along with the results
of numerical simulations and relevant discussion, is provided in Section 4.3. Fi-




In order to study liquid ﬁlm formation on a rotating surface, through a compu-
tational ﬂuid dynamics (CFD) approach, two numerical models, namely, ACF
spray model and ﬁlm formation model, have been developed. A ﬂowchart for the
modeling approach, along with the input and output parameter at each step, is
schematically shown in Fig. 4.1.
Figure 4.1: Flowchart of the modeling approach.
The ACF spray model takes into account the eﬀect of ACF spray parameters
including, (i) pressure of the droplet carrier gas (ii) distance of the spray from
the surface of impingement and (iii) thermal and physical properties of the liquid
droplets, and predicts the spatial variation of velocity of the carrier gas. The spray
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model also tracks the position and velocity of liquid droplets that impinge on the
rotating surface. The discrete phase modeling (DPM) approach is used for model-
ing the liquid droplets generated by the ACF spray system. The ACF spray model
considers the interaction between the liquid droplets and the carrier gas, as well
as the breakup and coalescence among droplets. Hence, the steady-state velocity
ﬁeld of the carrier gas, emerging out of the gas nozzle is ﬁrst determined. This
is followed by solving the droplet's velocity and position proﬁle in the presence of
the gas.
The liquid ﬁlm modeling on the rotating surface of the cylinder is carried out by
using the eulerian wall ﬁlm (EWF) model. The EWF model uses the properties
of the impinging droplets as input parameters. The outputs of the model are the
spatial variation of the liquid ﬁlm on the surface and ﬁlm parameters, such as ﬁlm
thickness and ﬁlm velocity among others. The EWF model also has the provision
for taking into account droplet splashing.
4.2 ACF spray model
The ACF spray model is composed of two individual models: (i) carrier gas model
and (ii) droplet model. The carrier gas model is employed for solving the steady-
state velocity ﬁeld of the carrier gas, emerging out of the gas nozzle at a certain
pressure, while considering the ﬂow to be compressible. This is followed by solving
the droplet's velocity and position proﬁle in the presence of the carrier gas by using
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the droplet model.
4.2.1 Carrier gas model
The gas phase is treated as a steady, compressible ﬂuid. The modeling of the
gas phase is accomplished by solving the equations of continuity, momentum and
ideal gas law, as follows,
∇(ρg~v) = 0, (4.1)
ρg(~v.∇~v) = −∇p+ µ∇2~v + ρgf, (4.2)
p = ρgRT, (4.3)
where ρg, µ, p, v, f, R and T are the density, dynamic viscosity, pressure, veloc-
ity, body force (gravitational force), gas constant and temperature of the ﬂow,
respectively. To model for the convection and diﬀusion of turbulent energy, shear
stress transport (SST) k-ω model has been used. The above turbulence model
has been selected among the many available options because the SST formulation
combines the best eﬀects of k-ω and k-ε. The use of a k-ω formulation in the inner
parts of the boundary layer makes the model directly usable all the way down to
the wall through the viscous sub-layer and the SST formulation also switches to a
k-ε behavior in the free-stream and thereby avoids the common k-ω problem that
the model is too sensitive to the inlet free- stream turbulence properties [89]. The
pressure-based solver with the coupled option for the pressure-velocity coupling
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was chosen for the numerical simulations presented in this study. It is a good
alternative to density-based solvers of ANSYS Fluent when dealing with applica-
tions involving high-speed jets (ﬂow having mach number greater than 0.3), which
is the case for the ACF spray system [90].
On unstructured meshes (elements of the mesh have irregular connectivity, char-
acterized by the presence of more than one type of mesh elements), the accuracy
of the least-squares gradient method is comparable to that of the node-based
gradient (and both are much more superior compared to the cell-based gradi-
ent). However, it is less expensive to compute the least-squares gradient than the
node-based gradient [89]. Therefore, least-squares method has been selected as
the gradient method. Spatial discretization of pressure and density terms have
been accomplished using second order schemes and discretization of momentum
and energy equations have been realized by using second order upwind scheme.
Higher order schemes have been preferred because it provides higher accuracy over
the ﬁrst order schemes [91]. The use of higher-order schemes necessitates the im-
plementation of Higher-Order Term Relaxation (HOTR) with a relaxation factor
of 0.25 for ﬂow variables in order to improve the startup behavior of simulation
and prevent the solution from diverging [91].
The whole computational domain was assigned the ambient temperature of
300 K. At the inlet of the gas nozzle, a constant total pressure is applied. The
surfaces of the droplet and the gas nozzle have wall boundary condition as that
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of no-slip.
4.2.2 Validation of carrier gas model
The carrier gas model, developed in Sec. 4.2.1, is validated by experimentally
measuring the carrier gas velocities as a function of distance from the gas nozzle
and comparing them to those obtained from the numerical simulations. The
experimental set up for taking down the measurements is shown in Fig. 4.2.
The nozzle unit was placed on a XYZ linear transnational stage, so that the
position of the droplet and gas nozzle could be accurately varied. Experiments
were performed using a Pitot-Static tube (Model PDA-18-F-16-KL, United Sensor
Corp.,USA), with a sensing stem diameter of 1/16 in. The dynamic pressure
sensed by the pitot-static tube was measured using a digital manometer (HHP-
2082, Omega Engineer- ing Inc., USA), as the gas nozzle is translated axially along
the nozzle's axis. The recorded dynamic pressure can be used for computing the
gas velocity by using the Bernoulli's equation. Measurements were taken for three
diﬀerent pressure levels, 9, 15 and 21 psi.
The dynamic pressure recorded by the digital manometer can be converted into
ﬂow velocity by using the Bernoulli's equation. However, there are two forms of
the Bernoulli's equation. The compressible (Eqn. 4.4) and incompressible (Eqn.
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Figure 4.2: Experimental set-up to measure the carrier gas velocities











v2ρg + ρgz = C, (4.5)
where, p is the static pressure at a point, ρg is the density of the carrier gas, v
is the velocity of droplet carrier gas, g is the acceleration due to gravity and z is
the elevation, with respect to a datum, at which measurements are recorded. The
incompressible form of the equation is obtained after simplifying the compressible
form of Bernoulli's and hence if enough parameters are known, it is always more
accurate to use Eqn. 4.5 for computations. A ﬂow can be classiﬁed as compressible
or incompressible on the basis of Mach number (M), which is a ratio of ﬂow
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velocity and speed of sound (c) in air (M = v/c). If the Mach number of ﬂow is
less than 0.3, then the ﬂow is considered incompressible, otherwise it is considered
as compressible ﬂow. At room temperature the value of c is 343 m/s. For using
Eqn. 4.4, the relation between p and ρg should be known a priori. However,
no such relation is available during the conduction of experiments, hence, Eqn.
4.5 has been used for calculating the carrier gas ﬂow velocity from the dynamic
pressure measurements.
ACF spray geometry that was used for simulating the carrier gas velocities is
shown in Fig. 4.3. The velocity vectors that were obtained for diﬀerent pressure
levels of the droplet carrier gas are shown in Fig. 4.4. From Fig. 4.4, it was
observed that due to the ﬂow of high velocity droplet carrier gas, the surrounding
air gets entrained in the ﬂow due to the presence of pressure diﬀerence between
the gas nozzle and surrounding area outside the ACF spray. Figure 4.5 shows the
magniﬁed view of the velocity vectors in the surrounding area near the droplet
nozzle for gas inlet pressure of 21 psi. The direction of these velocity vectors reveal
that surrounding air is indeed getting entrained into the ﬂow and this would result
in the production of a focused jet of liquid droplets [92].
From Fig. 4.4 it was also observed that the higher velocities are obtained in the
region near the gas nozzle and exit of droplet nozzle. Thereby, in order to study
the velocity magnitude distribution of the droplet carrier gas it was decided to
observe the magniﬁed view of velocity contours near the droplet and gas nozzle, as
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Figure 4.3: Design of the ACF spray that was used for numerical simulations
(scale: mm)
shown in Fig. 4.6. Irrespective of the inlet pressure level, it was observed in Fig,
4.6 that the velocities are highest at the 90 ◦ bend of the carrier gas inlet tube.
The most probable reason for this observation is that the pressure loss associated
with a sudden bend in the ﬂow of ﬂuid is quite signiﬁcant and this gets manifested
in the form of increase in velocity. For the pressure levels used in this study, it
can be observed that an increase in gas inlet pressure leads to a rise in maximum
velocity magnitude of the carrier gas. For gas inlet pressures of 9, 15 and 21,
the maximum gas velocity magnitude are predicted to be 278, 328 and 348 m/s,
respectively.
The comparison between the simulated and experimentally measured data for
gas velocities as a function of distance from droplet nozzle is shown in Fig. 4.7.
The zero point on the x-axis denotes the instance when the gas nozzle and sensing
tip of pitot-static tube are coinciding. The experimental data points in Fig. 4.7
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(a) Inlet pressure: 9 psi
(b) Inlet pressure: 15 psi
(c) Inlet pressure: 21 psi
Figure 4.4: Velocity vectors of droplet carrier gas for diﬀerent inlet pressures
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Figure 4.5: Entertainment of surrounding air in the spray ﬂow






where, v is the velocity of gas ﬂow, ∆p is the dynamic pressure recorded by the
digital manometer and ρg is the constant air density at room temperature.
From Fig. 4.7 it can be observed that for all the diﬀerent pressure levels, the
experimental and predicted gas velocities match reasonably well, except for the
distance of 0-4 cm from the gas nozzle. A possible reason could be that the exper-
imental values of the gas velocities have been computed using the incompressible
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(a) Inlet pressure: 9 psi
(b) Inlet pressure: 15 psi
(c) Inlet pressure: 21 psi
Figure 4.6: Velocity contours of droplet carrier gas for diﬀerent inlet pressures
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form of the Bernoulli's equation where the velocity of the gas ﬂow is assumed
to be less than 103 m/s ( for M<0.3 ). However, from Fig. 4.7 it was observed
that irrespective of the pressure level, the gas velocity is always greater than 103
m/s, up to a distance of 1.8 cm from the exit of gas nozzle. Hence, application
of Bernoulli's equation, in this domain, to calculate gas velocity would not yield
accurate results.
Figure 4.7: Comparison of numerical end experimental gas velocity values
4.2.3 Droplet model
Once the steady state carrier gas ﬂow ﬁeld has been obtained, the trajectory of the
liquid droplets can be modeled using the discrete phase modeling (DPM)technique.
In the DPM method, the dispersed phase (liquid droplets) is solved by tracking
a large number of particles through the calculated carrier gas ﬂow ﬁeld. The
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dispersed phase can exchange momentum, mass, and energy with the ﬂuid phase
[89]. The implementation of the DPM method is reserved for situations wherein
the volume fraction of the discrete phase is less than 10 % [91]. A similar situation
is encountered for the ACF spray system because the volume fraction of the liquid
droplets is less than 10 % and hence using DPM to model the ACF spray system
is well justiﬁed. The DPM method is based on the Euler-Lagrangian approach
[89]. ANSYS Fluent predicts the trajectory of a discrete phase particle (liquid
droplets) by integrating the force balance on the particle, which is written in a
Lagrangian reference frame [89]. This force balance equates the particle inertia
with the forces acting on the particle, and the equation can be written as,
d ~up
dt
= Fd(~v − ~up) + g(ρp − ρg)
ρp
+ ~F , (4.7)
where, ~F is an additional acceleration (force/unit particle mass) term that would
account for forces like saﬀman lift force, virtual mass force or thermophoretic
force, none of which is present in modeling of an ACF spray system and hence,






In Eqn. 4.7, ~v is the carrier gas velocity, ~up is the liquid particle velocity, µ is
the molecular viscosity of the ﬂuid, ρg is the density of the droplet carrier gas, ρp
is the density of the particle, and do is the particle diameter. Re is the relative
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Reynolds number, which is deﬁned as
Re =
ρdo| ~up − ~v|
µ
. (4.9)
For the modeling spherical drag law has been adopted and the drag coeﬃcient,CD,
for smooth particles can be be deﬁned as,







where a1, a2, and a3 are constants that apply over several ranges of Re given
by Morsi and Alexander [93]. Droplets coming out of the ACF spray system can
undergo many diﬀerent types of interactions. In order to capture those interaction
in the numerical model, the options for modeling droplet collisions, coalescence
and breakup, were activated in the DPM model. The physical properties of the
liquid droplets used in the simulations are those of the cutting ﬂuid, as shown in
Table 3.1.
Computational domain and boundary conditions
The computational domain that is used for this study is shown in Fig. 4.8
and it was designed keeping in mind the ACF spray system setup in end-milling
operations, which was schematically represented in Section 3.1. The design of the
domain was prepared using the software, ANSYS Design Modeler and the domain
measures 18 cm by 13 cm by 10 cm. The size of the computational domain is
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selected as such, in order to ensure that the boundaries of the domain are far
away from the spray system and the ﬂow near the boundaries do not aﬀect the
simulation of the spray system. The enlarged view of the gas and droplet nozzles
are shown in Fig. 4.9. The rotating end-mill tool has been modeled as a cylinder.
This assumption was made because the surface of rotation of an end-mill tool is
a cylinder and hence, the trends observed in spreading of ﬁlms, for diﬀerent ACF
spray parameters, on an end-mill tool would be similar to those that would be
observed on a cylindrical surface. Moreover, this assumption also helps in reducing
the computational time and makes the analysis simpler than what it would have
been had the complex geometry of an end-mill tool been modeled. The design of
the gas nozzle and droplet nozzle in the computational model were kept same as
the one used by Nath et al. [9] in their study .
The boundary condition at the inlet of the gas nozzle is that of pressure inlet, as
shown in Fig. 4.9. The six boundaries of the computational domain have pressure
outlet as the boundary condition. The wall of the cylinder is assumed to be smooth
and has a velocity that is prescribed in accordance with the angular velocity that
is assigned to the cylinder, which is 1500 RPM for all the simulations. Given
the diameter of the cylinder as 1 cm, an angular velocity of 1500 RPM would
correspond to a cutting velocity of 47.1 m/min.
Meshing of the computational domain was done using ANSYS meshing module.
A mixture of tetrahedral and quadrilateral elements have been used for construct-
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Figure 4.8: Schematic of the computational domain
ing the mesh. A reﬁned mesh was used in the region between the droplet nozzle
and the cylinder, with the element size being 0.1 mm. Such a reﬁnement was
accomplished by constructing an inclined cylinder, extending all the way from the
gas nozzle up to the vertical cylinder, and using it as a 'Body of Inﬂuence' in the
meshing software, thereby generating a ﬁner mesh in that region. Accuracy and
stability of numerical computations gets aﬀected signiﬁcantly by the orthogonal
quality of the mesh. The "improve-quality" text command is executed multi-
ple times to improve the cells with lowest orthogonal quality [91]. The Reverse
Cuthill-Mckee algorithm is used to reduce the bandwidth in order to increase the
memory access eﬃciency, thereby improving the computational performance of
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Figure 4.9: Enlarged view of the droplet and gas nozzle
the solver. The number of nodes used in the mesh were 1,436,343 and the number
of elements in the mesh were 4,504,839. ANSYS Fluent 15.0 software is used for
simulating the numerical models presented in this study.
4.3 ACF spray system ﬁlm formation model
For the research presented in this study, a 3-Dimensional wall ﬁlm model has
been implemented to simulate the ﬁlm thickness of the liquid ﬁlm formed, due to
impinging of droplets, on a rotating cylindrical surface for one complete revolution.
To simulate the ﬁlm formation, the Eulerian wall ﬁlm (EWF) model has been
used.
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4.3.1 Eulerian wall ﬁlm (EWF) model
The EWF model is based on the thin ﬁlm assumption, implying that the thickness
of the ﬁlm formed is small compared to the radius of curvature of the surface so
that the properties do not vary across the thickness of the ﬁlm and that ﬁlms
formed are thin enough so that the liquid ﬂow in the ﬁlm can be considered parallel
to the wall [89]. Such an assumption would not aﬀect the modeling presented in
this research because the radius of curvature of the end-mill tool (modeled as a
cylinder), 5mm, is three orders of magnitude larger than the radius of droplets,
which is 7.5 µm and the ﬁlm thickness could be assumed to be of the same order
as that of droplet diameter [23].
Wall ﬁlm is modeled by using the conservation equations of mass and mo-




+∇s · [h~Vl] = m˙s
ρ
. (4.11)
In the mass conservation equation, ρ is the density of the cutting ﬂuid, h the
ﬁlm height, ∇s is the surface gradient operator, Vl the mean ﬁlm velocity and m˙s
the mass source per unit wall area due to droplet collection, ﬁlm separation, ﬁlm
stripping, and phase change. Conservation of ﬁlm momentum is given by
∂h~Vl
∂t













PL = Pgas − ρh(~n · ~g)− σ∇s · (∇sh). (4.13)
The terms on the left hand side of Eq. 4.12 represent transient and convection
eﬀects, respectively. On the right hand side, the ﬁrst term includes the eﬀects of
gas-ﬂow pressure, the gravity component normal to the wall surface (known as
spreading), and surface tension; the second term represents the eﬀect of gravity
in the direction parallel to the ﬁlm; the third term is the viscous shear force at
the gas-ﬁlm interface; the fourth term represents the viscous force in the ﬁlm, and
the last term is associated with droplet collection or separation [89]. The energy
equation can also be solved in the EWF model, however in the present study no
thermal modeling is done and hence energy equation is not included in the EWF
model.
When liquid droplets strike against the wall of the cylinder, the droplets gets
absorbed and its momentum and mass get transferred to the liquid ﬁlm. Equation
4.11 is able to account for the increase in mass of the liquid ﬁlm by equating m˙s to
m˙p, where, m˙p is the ﬂow rate of the liquid droplets impinging on the cylindrical
surface. The momentum equation, Eqn. 4.12 for ﬁlm, is able to account for the
increase in momentum of the ﬁlm due to the impinging droplets by replacing the
momentum source term ( ~˙qs) by
~˙qs = m˙p · ( ~Vp − ~Vl), (4.14)
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where, ~Vp denotes the velocity of the impinging liquid droplet and ~Vl denotes
the liquid ﬁlm velocity [89]. The EWF model was formulated to also account for
splashing of liquid droplets and a detailed numerical set up of the splashing model
can be found in [89].
The scheme used for discretizing the continuity and momentum equations, Eqn.
4.11 and 4.12, respectively, is the First Order Upwind scheme, which is the de-
fault scheme for solving wall ﬁlm models in ANSYS Fluent. Discretization of the
termporal terms in Eqn. 4.11 and 4.12 is accomplished using the First Order Ex-
plicit Scheme. First order discretization schemes are recommended, for modeling
wall ﬁlms, over other discretization schemes because of the superior convergence
capabilities of ﬁrst order schemes. Adaptive time stepping scheme, with maximum
Courant Number as 1 and initial time step size as 10−6, is used for evaluating the
time step, ∂t, in Eqn. 4.11 and 4.12.
When EWF model is used in the numerical simulations, such as the one pre-
sented in this study, boundary conditions need to be speciﬁed for diﬀerent ele-
ments, in the computational domain, on which liquid ﬁlms are formed. Here the
boundary condition for the cylinder's surface is set as "Trap", in order to absorb
the liquid droplets impinging on it. The initial conditions of the ﬁlm thickness (h)
and ﬁlm velocity (Vl) on the cylinder are set to zero because prior to impingement
of droplets there is no liquid ﬁlm on the cylinder's surface.
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4.3.2 Film thickness simulations
Film formation is critical to the cooling and lubrication functionality of the ACF
spray system [21, 8]. As a consequence, diﬀerent combinations of spray parameters
could be evaluated by studying the characteristics of the liquid ﬁlm. Out of the
many diﬀerent characteristics, ﬁlm thickness has been singled out as the most
critical one [82, 23]. Extent of spreading of a liquid ﬁlm, can be judged by knowing
the ﬁlm thickness values. Higher ﬁlm thickness corresponds to lower amount of
spreading and vice versa [82]. For the ACF spray system, it is desired that the
liquid ﬁlm spreads out and uniformly wets the machining area [8].
Table 4.1 shows the diﬀerent combinations of spray parameters that were dis-
cussed in Section 3.2 and were used for conducting the experiments. The same
combination of spray parameters would be used for carrying out liquid ﬁlm for-
mation simulations.
Table 4.1: Values of droplet velocity at given ACF spray conditions
Test Distance (mm) Pressure (psi) Carrier gas velocity
(m/s)
T1 40 9 27
T2 60 9 14
T3 40 15 33
T4 60 15 25
For the combinations of spray parameters, as shown in Table 4.1, numerical
simulations have been conducted to monitor the liquid ﬁlm formed on the cylin-
der, rotating at 1500 RPM. The simulations yield the ﬁlm thickness contours for
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diﬀerent spray parameters, at the end of one complete revolution of the cylinder,
and are shown in Fig. 4.10. From Fig. 4.10 (a), (b), (c) and (d), it can be
observed that the maximum ﬁlm thickness value, shown on the legend bar of the
contour plots, for T3 condition is quite diﬀerent from those of the other condi-
tions, namely, T1, T2 and T4 . It can also be inferred that the ﬁlm thickness
contours are quite varied for the diﬀerent spray parameters.
(a) T1 (b) T2
(c) T3 (d) T4
Figure 4.10: Contours of ﬁlm thickness for diﬀerent spray parameters
To characterize the liquid ﬁlm for diﬀerent combinations of spray parameters,
liquid ﬁlm thickness along the circumference of the cylinder has been evaluated.
Liquid ﬁlm thickness has been computed at distances of 1 mm, 2 mm, 3 mm and
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4 mm from the base of the cylinder, as shown in Fig. 4.11. The top view of the
numerical setup of the spray and cylinder is shown in Fig. 4.12. The value of θ
varies from 0 to 360◦. Note that the ﬁlm thickness is estimated after the cylinder
has made one complete revolution, from the time the ﬁrst droplet impinges on
the cylinder. The values of ﬁlm thickness obtained, after one complete rotation
of the cylinder, as a function of angular position for diﬀerent combinations spray
parameters and at diﬀerent locations along the cylinder are shown in Fig. 4.13,
4.14, 4.15 and 4.16, respectively.
Figure 4.11: Position of ﬁlm thickness measurement, relative to the ACF spray
and cylinder.





















































































































On comparing Fig. 4.13, 4.14, 4.15 and 4.16, it was observed that between
angular positions 180◦- 220◦, there is a global minimum value of ﬁlm thickness,
and the peak value of ﬁlm thickness is observed to just left of the minimum ﬁlm
thickness angular position. However, the ﬁlm thickness has less ﬂuctuations away
from the position where maximum or minimum ﬁlm thickness occurs. It was also
observed that there is a signiﬁcant amount of ﬂuctuation in ﬁlm thickness at a
distance of 0.1 cm from the base of cylinder, as shown in Fig. 4.13. However,
when ﬁlm thickness is recorded at distances of 0.2, 0.3 and 0.4 cm from the base of
the cylinder, the ﬁlm thickness undergo less ﬂuctuations, as the angular position
is varied. Therefore, it can be concluded that at distances of 0.2, 0.3 and 0.4 cm
from the base of the cylinder, the liquid ﬁlm has reached a stable value.
The minimum ﬁlm thickness appears more or less at similar angular positions
because the orientation of the ACF spray system is ﬁxed and high droplet carrier
gas velocity along the axis of gas nozzle provides suﬃciently high momentum to
the droplets. This enables it to spread out in all the directions leaving a region
of low ﬁlm thickness at the point of impingement of high velocity jet on the
cylinder. A possible reason for observing excessive ﬂuctuations in ﬁlm thickness
at a distance of 0.1 cm from the base of cylinder is that the ﬁlm thickness in
regions too close to the base of the cylinder, are in transient state, owing to their
proximity to the point of impact of the spray. On the contrary, ﬁlm thickness in
regions farther away from the base of the cylinder, show little variation in ﬁlm
thickness, for diﬀerent spray conditions, due to the loss in excessive momentum
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of the ﬂuid ﬁlm after it has traveled some distance.
The 3-D plot of liquid ﬁlm thickness, for T4 spray condition, is plotted in
cylindrical coordinates and is shown in Fig. 4.17. As seen in Fig. 4.17 the liquid
ﬁlm thickness varies considerably near the point of impact of the spray and at
distances father away from it, the liquid ﬁlm thickness stabilizes.
Figure 4.17: 3-D plot of the ﬁlm formed on the rotating cylindrical surface
In order to obtain a steady state value of ﬁlm thicknesses for diﬀerent combina-
tions of spray parameters on a rotating cylindrical surface, an average of computed
ﬁlm thicknesses at distances of 0.2, 0.3 and 0.4 cm from the base of the cylinder
have been evaluated and its variation in the Cartesian coordinates is shown in Fig.
4.18. The average ﬁlm thickness as a function of angular position has also been
plotted in Fig. 4.19. Film thickness obtained at a distance of 0.1 cm from the base
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of the cylinder has not been included in the calculation of average ﬁlm thickness,
as it represents transient conditions. The average ﬁlm thickness over the entire
circumference of the cylinder has also been calculated. For spray conditions, T1,
T2, T3 and T4, the average ﬁlm thickness over the circumference of the cylinder
are: 7.3, 10.1, 4.2 and 8.1 µm, respectively.





























































































As seen from Fig. 4.18 and 4.19, the average liquid ﬁlm thickness is the largest
for the combination of spray parameters under T2 condition (spray distance: 60
mm, carrier gas inlet pressure: 9 psi, droplet velocity: 14 m/s) and the smallest for
T3 condition (spray distance: 40 mm and carrier gas inlet pressure: 15 psi, droplet
velocity: 33 m/s), among the four diﬀerent combinations of spray parameters
studied in this research. For T3 condition, the droplet velocity is 33 m/s, which
is much higher than the droplet velocity under T2 condition. It can be inferred
that higher droplet velocities lead to thinner ﬂuid ﬁlms and lower velocities lead
to thicker ﬂuid ﬁlm, this conclusion is in agreement with the results obtained by
Kalantari et al. [22].
In Section 3.3.1, it was shown that the cutting forces reduce signiﬁcantly when
the ACF spray system is used in machining titanium alloys: as compared to
dry cutting or ﬂood cooling. It was believed that the liquid ﬁlm formed by the
spreading of the impinging droplets play a role in ensuring that the cutting ﬂuid
is able to reach the tool-chip interface and provide cooling and lubrication at the
cutting zone. The cutting forces obtained for the diﬀerent combinations of spray
parameters have been reported in Section 3.3.1 and again shown in Fig 4.20. As
seen from Fig. 4.20, the cutting forces for T1 (spray distance: 40 mm, carrier gas
inlet pressure: 9 psi, droplet velocity: 27 m/s) and T4 (spray distance: 60 mm,
carrier gas inlet pressure: 15 psi, droplet velocity: 25 m/s) conditions are lower
than that for T2 and T3 conditions.
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This observation can be explained in terms of the average ﬁlm thickness values,
along the circumference of the rotating tool, for the diﬀerent combinations of
spray parameters. When the liquid ﬁlm is thinner, 4.2 µm (smallest among the
four spray conditions), the liquid ﬁlm could be considered thin enough to be
evaporated even before reaching the cutting zone and little or no liquid would be
present for providing lubrication at the tool-chip interface. Film thickness larger
than a certain value is also not preferable because in such a situation the liquid
ﬁlm may not be able to penetrate the cutting interface and provide cooling and
lubrication. For example, the ﬁlm thickness for T2 spray condition is, 10.1 µm,
the thickest among the ﬁlm thickness values encountered in this study and it is
possible that the thick liquid ﬁlm may be preventing the cutting ﬂuid to reach the
cutting zone and this causes the high cutting forces. For other spray conditions,
the liquid ﬁlm is adequate enough to be able to access the cutting zone and provide
substantial cooling and lubrication at the cutting zone. As a result, the cutting
forces for T1 and T4 conditions are lower than T2 and T3 conditions.
4.4 Chapter summary
In this chapter, a physics-based understanding of the variation in cutting force
values that are observed when end-milling titanium alloy, using the ACF spray
system with diﬀerent combinations of spray parameters. The characteristics of
the cutting ﬂuid ﬁlm, which is formed on a rotating cylinder for diﬀerent spray
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Figure 4.20: Variation of cutting forces for diﬀerent combinations of spray
parameters.
conditions, are studied. The DPM approach has been adopted to model the ACF
spray system and ﬁlm formation on the rotating surface has been simulated by
using the EWF model. Speciﬁc conclusions of this chapter are:
1. There seems to exist a relationship between the liquid ﬁlm thickness and
the droplet velocity. Higher droplet velocities resulted in more spreading of
ﬁlm. As a result, lower ﬁlm thickness values were obtained. Lower droplet
velocities, lead to slower spreading of the liquid ﬁlm and consequently, higher
ﬁlm thickness was recorded for such a scenario.
2. The steady state ﬁlm thickness values can be used to explain the variation in
cutting forces for diﬀerent combinations of spray parameters. In situations
where the spreading ﬂuid ﬁlm is not able to reach the tool-chip interface,
either due to being too thick or thin enough to get evaporated, the cutting
forces seem to be higher as compared to other test situations, with diﬀerent
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This thesis investigates the eﬀect of atomozation-based cutting ﬂuid (ACF) spray
system's parameters and machining conditions on the machinability of titanium
alloys in macro-scale end-milling operations.
The research was carried out in two phases. In the ﬁrst phase, focus was on
experimental investigation of the eﬀect that the variation of ACF spray parame-
ters would have on the measured cutting forces when end-milling a titanium alloy.
A testbed was developed and machining parameters were ascertained that would
be used to evaluate the diﬀerent combinations of spray parameters. A numerical
model of the ACF spray system was developed and simulations were conducted
with the objective of getting an insight into the characteristics of the liquid ﬁlm
formed by the impinging droplets on a rotating cylindrical surface. The simula-
tion results were utilized for explaining the experimentally observed variation in
cutting forces for diﬀerent combinations of ACF spray parameters.
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In the second phase, emphasis was given on experimentally comparing the ma-
chining performance of the ACF spray system with two other cutting ﬂuid appli-
cation methods, viz., dry cutting and ﬂood cooling. Tool-life experiments were
conducted and machining parameters recorded, when end-milling titanium alloy
for a particular machining condition but using diﬀerent cutting ﬂuid application
methods. Furthermore, the performance of the ACF spray system for diﬀerent
machining conditions was also evaluated based on the experimental work. The
following conclusions can be drawn from this study.
5.1.1 Experimental investigation
The following conclusions can be drawn from the experimental work conducted
in this thesis:
1. For the ACF spray system to be eﬀective in end-milling of titanium alloys,
it was concluded that the ACF spray unit should be placed at an angle of
135 ◦ with respect to the feed direction.
2. For the diﬀerent combinations of the ACF spray parameters tested in this
study, it was seen that as long as the droplet velocity for a particular com-
bination of spray parameters is such that the droplets lie well within the
spreading regime, the machinability of titanium alloy would be better with
the usage of ACF spray system as compared to ﬂood cooling.
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3. The ACF spray system was able to extend the tool life as high as 75% over
ﬂood cooling when the feed/tooth and axial depth of cut values were chosen
as 0.1 mm/tooth and 0.5 mm, respectively.
4. It was observed, that the tool life increases by 50% when the droplet carrier
gas is a mixture of air and CO2 as compared to the case when droplet
carrier gas has only air. Furthermore, the ACF spray system even in the
absence of CO2 from the gas mixture, can achieve upto 17% more tool life
as compared to ﬂood cooling. This observation goes on to show that the
atomized droplets of the ACF spray system are eﬀectively able to reach the
cutting zone, which is not the case for ﬂood cooling.
5. Experimental results show that when ACF spray system is used, the cutting
edges undergo uniform wear and the tool does not fail catastrophically due
to attritional wear caused by lower temperatures of the cutting edges. On
the other hand when dry and ﬂood cooling cutting conditions are used,
the tool wears out rapidly and undergoes catastrophic failure because of
chipping and notch formation on the tool ﬂank face.
6. Superior cooling and lubrication capabilities of ACF spray system is instru-
mental in reducing the tool ﬂank wear and hence the cutting forces and
surface ﬁnish.
7. For a particular machining condition, the length of the chips generated with
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the ACF spray system is shorter than those that are generated with ﬂood
cooling. Thereby, suggesting that chip breakability is enhanced by using the
ACF spray system
8. Ability of the ACF spray system to reduce cutting forces and surface rough-
ness is dependent upon the machining conditions. The cutting forces and
surface roughness increase more for an increase in feed/tooth as compared
to an increase in axial depth of cut alone.
5.1.2 Modeling liquid ﬁlm formation on a rotating surface
1. It was observed that for the design of ACF spray system used for this study,
the droplet carrier gas velocities are highest at the 90◦ bend of the carrier
gas inlet tube. The most probable reason for this observation is that the
pressure loss associated with a sudden bend in ﬂuid ﬂow is quite signiﬁcant
and this gets manifested in the from of large increase in velocity of liquid.
In the numerical simulations it was also observed that the high velocities of
the carrier gas causes entertainment of the surrounding air that results in
the generation of a focused jet of liquid droplets.
2. There exists a relationship between the liquid ﬁlm thickness and the droplet
velocity. Higher droplet velocities resulted in more spreading of ﬁlm. As
a result, lower ﬁlm thickness values were obtained. Low droplet velocities,
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lead to slower spreading of the liquid ﬁlm and consequently, higher ﬁlm
thickness was recorded for such a scenario.
3. The average ﬁlm thickness values can be used to explain the variation in cut-
ting forces for diﬀerent combinations of spray parameters. The thickest and
the thinnest liquid ﬁlms, formed due to the impinging of droplets on a ro-
tating cylinder, among the diﬀerent spray conditions, resulted in generation
of high cutting forces. In these situations the spreading ﬂuid ﬁlm might not
have been able to reach the tool-chip interface and hence could not provide
lubrication at the interface, resulting in generation of high cutting forces.
5.2 Recommendations for future work
Below are suggestions for extending the research in order to better understand
and evaluate the performance of the ACF spray system in macro end-milling
operations.
1. In the experiments that were conducted as a part of this study, only one set
of nozzle is used. However, in the study conducted by Sasahara et al. [94]
it was concluded that by using multiple nozzles instead of one, for the same
cutting ﬂuid consumption, leads to better machinability of aluminum alloy
during milling with MQL, because by using two nozzles, greater area of the
cutting tool remains lubricated during the metal cutting process. Therefore,
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further studies should be conducted to assess the eﬀect of number of nozzles
on the machinability performance of the ACF spray system when milling
titanium alloys. A starting point could be to use the conﬁguration proposed
in [94], where two nozzles are placed diametrically opposite to one another.
2. The cutting ﬂuid used as a part of this study has a deﬁnite composition, 10
% metal working ﬂuid (MWF) and 90 % water, resulting in ﬁxed physical
properties of the cutting ﬂuid. Nath et al. [95] conducted turning experi-
ments with the ACF spray system and concluded that the concentration of
the MWF in cutting ﬂuid aﬀects the performance of the ACF spray system
because diﬀerent concentrations of MWF in the cutting ﬂuid, lead to varia-
tion in viscosity and surface tension of the cutting ﬂuid. These two physical
properties have been shown to signiﬁcantly aﬀect the cooling and lubrica-
tion performance of the cutting ﬂuid during machining [82]. Consequently,
the eﬀect of cutting ﬂuid composition during end-milling of titanium alloy
with the ACF spray system should be further explored.
3. Temperature measurement studies at the tool chip interface should be con-
ducted. Such a study will help in deﬁning the liquid ﬁlm penetration capa-
bilities in end-milling when the ACF spray system is used. Hoyne et al. [96]
used thermocouples to measure the temperature at the cutting interface,
when the ACF spray system is used for turning titanium alloys. Similar
approach can be used for ascertaining the cutting zone temperatures during
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end-milling. [97].
4. The ACF spray system should be evaluated for high speed end-milling oper-
ations. In the present study, experiments have been conducted with medium
cutting speeds, however, the higher temperature gradients and material re-
moval rates associated with high speed machining, can aﬀect the ﬁlm for-
mation mechanism of the ACF spray system.
5. Further experimentation should be conducted to gain a better understanding
of the lubrication and cooling mechanisms of spray-based systems in end-
milling operations. Such an understanding would help in selection of the
spray parameters and the composition of the cutting ﬂuid. High speed
cameras have been used by Hoyne et al. [21], to study the lubrication
mechanism of the ACF spray system in turning operations, and the same
can be used for end-milling processes.
6. In this research, the ACF spray system has been evaluated for machining
titanium alloys. However, in the future, further machining experiments
should be conducted using diﬀerent diﬃcult to machine materials, such as:
tool steels and nickel based alloys, to name a few, in order to assess the
range of materials that could beneﬁt from the application of the ACF spray
system.
7. A signiﬁcant improvement could be made to the ﬁlm formation model pre-
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sented in this study by incorporating the eﬀect that the presence of thermal
gradients, on the surface over which the ﬁlm is ﬂowing, would have on the
droplet impingement dynamics and the subsequent formation and spreading
of liquid ﬁlm on the rotating surface. To model such a scenario, constant
heat ﬂux boundary condition can be applied to the surface. Heat ﬂux val-
ues can be selected on the basis of heat generated during milling of titanium
alloys.
8. The numerical model presented in this study should be modiﬁed to account
for the presence of surface roughness and ridges on the surface on which
the droplets are impinging and forming a ﬁlm. Presence of such surface
features in the numerical model would give an accurate representation of
the spreading of the liquid ﬁlm. The roughness of the surface could be
measured using a proﬁlometer and this value could be used as an input to
the numerical model.
9. The numerical model should be modiﬁed to taken into account the inter-
action between a metal chip and the spreading ﬁlm. Such a model would
not only give further insights into the cooling and lubrication mechanisms
of the ACF spray system but could also be used for modeling the cutting
forces encountered during end-milling with the ACF spray system.
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